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EXECUTIVE  SUMtAKY 


X' 

One  purpose  of  this  study  is  to  show  theoretically  the  potential  of 
a  monocycle  technique  to  detect  and  identify  salt  water  wedges  mder 
dissipative  fresh  water.  Also,  the  potential  use  for  bathymetry  is 
discussed.  In  particular  for  bodies  of  water  of  extremely  low  salinities 
as  may  be  expected  in  some  parts  of  the  Baltic  Sea,  in  Fjords  and  in  large 
estuaries.  The  importance  of  bathymetry  for  military  operations  in 
shallow  water  is  well  known.  It  happens  to  be  that  some  bodies  of  water 


with  very  low  salinity  are  in  areas  of  particular  military  sensitivity. 

Salt  water  wedges  are  of  military  importance  for  small  subsurines,  swiamers 


and  ewimser  delivery  vehicles  and  mine  and  counter  mine  warfare. 

V"— 


A  aonocycle  pulse  is  either  one  half  or  one  full  cycle  of  a  harmonic 
wave  or  square  wave.  It  is  the  limiting  of  the  harmonic  wave  or  square 
wave  in  time  that  gives  it  its  broadband  characteristics.  The  broadband 
is  not  shifted  up  in  frequency  by  a  carrier  because  the  monocycle  is 
carrierless" .  The  duration  of  a  monocycle  can  be  aicroseoonds ,  nanoseconds 
or  picoseconds.  Its  harmonic  analysis  (Fourier  transform  from  the  time 
domain  to  the  frequency  domain)  represents  a  broadband  pulse  that  does 
not  have  a  carrier. 


The  characteristics  of  a  single  cycle  of  short  sinusoidal  or  square 
pulse  of  electromagnetic  radiation  are  significantly  different  from  the 
widely  studied  characteristics  of  single  frequency  pulse  modulated  continuous 
•i^ctromagnetic  waves.  Such  a  nanocycle  pulse  undergoes  a  dispersion  and 
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•  change  In  nplituiU  whan  it  is  nflactad  froa  a  boundary  batman 
Mdia  of  different  alactrical  canductivitiaa,  capacitivities  (dialactric 
constants),  and/or  specific  inductivities  (perm abilities) .  The 
dispersion  and  amplitude  change  and  consequently  the  resulting  shape 
of  the  nonocycle  pulse  depends  on  these  differences  in  o,c  and  y. 

A  computer  nodal  was  developed  to  sinulate  a  mono cycle  radar  in  air 
15  eaters  over  a  layer  of  fresh  water  which  is  over  a  layer  of  salt  water. 
The  material  that  the  layer  consists  of  can  be  changed  by  changing  the 
value  of  dielectric  constant  and  conductivity,  the  constitutive  parameters 
of  the  medium.  The  study  using  the  computer  nodel  shows  that  it  is  possible 
to  determine  the  difference  between  the  transmitted  nonocycle  pulse,  the 
pulse  reflected  from  the  air/fresh  water  interface  and  the  fresh  water/ 
salt  water  interface  by  examining  their  shapes.  The  salt  water  layer  was 
changed  to  simulate  a  sandy  bottom  and  the  pulse  was  compared  to  one 
reflected  from  the  salt  water  layer.  The  pulses  differed  in  both  amplitude 
and  shape  implying  it  is  possible  to  determine  the  difference  between  a 
salt  water  wedge  and  a  sandy  botton  by  comparing  the  reflected  pulses. 

The  results  are  significant  because  they  show  that  the  method  is  applicable 
to  detection  and  identification  of  salt  water  wedges .beneath  fresh  surface 
waters.  They  also  present  a  rapid  remote  method  for  ess  in  bathymetry. 

The  analysis  shewed  that,  if  it  is  assumed  that  the  fresh  water 
layer  has  a  low  conductivity  of  .02  mhos /me ter,  a  monooycle  radar  15  asters 
above  the  fresh  water  layer,  transmitting  a  10  ns  pulse  can  detect  a  salt 
water  wedge  13  meters  below  the  fresh  water.  Zt  is  assumed  that  the  trans- 


■itted  power  is  10  decibels  referenced  to  e  Watt  (dBW) ,  the  antenna, 
a  folded  dipole,  has  a  gain  of  0  dB,  the  mini*\»  discernible  signal 
is  -120  dBW  and  the  receiver  bandwidth  is  25%  with  a  center  frequency 
of  87.5  MHz.  If  a  broadband  folded  dipole  is  used,  an  airborne  antenna 
will  have  to  be  approxiaately  6  asters  long  to  support  the  pulse.  It 
aay  be  possible  to  reduce  the  size  of  the  antenna  to  2  or  3  asters  but 
probably  at  the  expense  of  efficiency. 

It  it  is  assumed  that  the  fresh  water  has  a  high  conductivity  of  1 
mho/meter,  the  monocycle  pulsewidth  should  probably  be  increased  to  1  us. 
The  antenna  is  placed  on  the  water  to  avoid  the  energy  lost  at  the  air/ 
water  interface  and  to  take  advantage  of  the  loading  of  the  water  on  the 
antenna.  The  high  conductivity  of  the  water  will  load  the  antenna  by 
approximately  a  factor  of  50  reducing  its  free  space  size  from  610  meters 
to  12  meters.  The  concept  of  loading  the  antenna  by  a  factor  of  50  remains 
to  be  proven.  Proof  can  be  obtained  by  experimentation.  Xf  a  broadband 
folded  dipole  is  used,  the  antenna  will  have  to  be  approximately  12  meters 
long  to  support  the  pulse.  At  the  expense  of  efficiency,  it  may  be 
possible  to  reduce  the  antenna  to  6  or  even  4  meters.  The  depth  of  which 
a  salt  water  wedge  can  be  detected  using  a  monocycla  radar  with  its  antenna 
on  water  whose  conductivity  is  1  mho /meter  is  5  meters.  For  this  case, 
it  was  asswed  that  the  transmitted  power  is  30  dBW,  the  antenna,  a  folded 
dipole,  has  a  gain  of  0  dB,  the  minimum  discernible  si^ial  is  -90  dBW  and 
the  receiver  bandwidth  is  25%  with  a  center  frequency  of  .875  MHz.  If  it 
is  assuaed  that  the  antenna  gain  is  -10  dB,  the  transmitter  power  will  be 
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increased  to  40  dBW 


The  computer  model  modified  to  simulate  the  temperature  and 
salinities  of  the  Nest  Gotland  Basin  shoved  that,  for  a  100  ns  pulse 
propagating  through  5  meters  of  water  with  a  conductivity  of  1.2  mhos/ 
meter,  .28  mV /me ter  returned  to  the  monocycle  radar  antenna  on  the 
surface  of  the  water.  The  model  also  showed  that  whan  the  conduction 
current  dominates  the  displacement  current  delays  in  propagation  as  high 
as  a  factor  of  80  can  be  expected. 

For  the  final  practical  application  a  radar  transmitter  and  receiver 
arrangement  is  visualized  which  emits  a  monocycle  of  an  accurately  deter¬ 
mined  waveform  and  investigates  the  waveform  of  each  of  the  received 
return  pulses  which  are  backscattered  from  boundaries  with  varying  a ,c 
and/or  u. 
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ABSTRACT 


This  study  investigates  the  charsets ristics  of  a  single  sinusoidal 
variation  or  single  square  pulse  of  electranagentic  energy  called  a 
mono cycle  pulse.  The  study  shows  that  the  dispersion  of  the  monocycle 
pulse  is  characterized  by  the  boundaries  frost  which  it  is  reflected. 

The  implication  is  that  it  is  possible  to  detect  and  identify  a  salt 
water  wedge  under  dissipative  fresh  water  by  exaaining  the  reflected 
monocycle . 

A  computer  model  was  developed  to  simulate  a  eonocycla  in  air  or 
on  a  fresh  water  layer  over  salt  water.  The  result  of  the  model  is  that/ 
if  the  fresh  water  has  a  low  conductivity  of  .02  mhos/meter /  a  eonocycla 
radar  transmitting  a  10  ns  pulse  15  eaters  above  the  fresh  water  layer 
can  detect  a  salt  water  wedge  13  esters  below  the  air/water  interface. 

If  the  conductivity  is  increased  to  1  mho /mater  and  the  radar  antenna 
is  placed  on  the  water  a  salt  water  wedge  5  esters  below  the  surface 
can  be  detected.  The  transmitted  pulse  was  increased  to  100  ns  for  this 
case.  The  cosputer  results  showed  that  the  propagation  of  the  eonocycla 
pulse  was  slowed  down  by  a  factor  of  80 ,  depending  on  conductivity. 

Results  of  particular  military  significance  showed  that  a  salt  water 
wedge  can  be  detected  5  meters  below  the  surface. of  the  air/water  inter¬ 
face  in  the  West  Gotland  Basin.  The  a  100  ns,  1  V/e  incident  pulse/  .3 
mv/eeter  returned  to  the  antenna  on  the  water.  For  the  10  ns  pulse  it 
is  assueed  that  the  receiver  bandwidth  is  75  to  100  MHz  with  a  center 
frequency  of  87.5  MHz.  The  100  ns  pulse  is  assumed  to  have  a  bandwidth 
of  7.5  to  10  MHz  with  a  center  frequency  of  8.75  MHz.  The  results  remain 
to  be  proven  by  experimentation. 


vi 


/' 


ABBREVIATIONS  AND  SYMBOLS 


c 

1 

c 

2 

d 


(t> 


|«r(t)| 


n 


*t  (t) 


E 


E 

1 

E 

2 

E’ 

2 

E 

3 


E 


r2 


E  (M) 
r 


to 


tl 


t2 


The  velocity  of  electromagnetic  energy  in  medium  1,  Mtir/iM 

The  velocity  of  electromagnetic  energy  in  nediun  2,  meter/sec 

The  depth  of  the  fresh  water  layer,  net era 

The  field  Intensity  of  the  reflected  monocycle  pulse  as  a 
function  of  tine,  Volts/neter 

The  normalized  magnitude  of  the  reflected  electric  field  intensity, 
Volts/eeter 

The  field  intensity  of  the  reflected  monocycle  poise  as  a  function 
of  tine  and  distance.  Volts /nster 

The  incident  or  transmitted  nonocycle  pulse  for  a  uniform  plane 
wave  as  a  function  of  tine.  Volts/meter 

The  normalized  magnitude  of  the  incident  electric  field  intensity. 
Volts /me ter 

The  amplitude  of  a  plane  electromagnetic  wave,  Volts/neter 

The  amplitude  of  E^  at  z  -  0,  Volts/neter 

The  amplitude  of  E  at  z  ■  0,  Volts/neter 
r2 

The  amplitude  of  E^  at  i  ■  -d»  Volts /meter 

The  naplitude.of  E^  at  z  •  -d,  Volts/neter 

The  amplitude  of  the  electric  field  intensity  after  it  is 
reflected  fron  the  air/fresh  water  interface,  Volts/neter 

The  aaplitude  of  the  electric  field  intensity  in  the  fresh 
water  after  it  is  reflected  fron  the  fresh  water/salt  water 
interface,  Volts/neter 

The  Fourier  transform  of  e^ft) 

The  solitude  of  e  at  *  •  0,  Volts/neter 

The  amplitude  of  electric  field  intensity  in  air,  Volts/neter 

The  aaplitude  of  electric  field  intensity  propagating  in  the 
fresh  water,  Volts/neter 
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The  amplitude  of  electric  field  intensity  propagating  in  the 
salt  water.  Volts/meter 

The  Fourier  transform  of  E 

to 

The  Fourier  transform  of  e^(t) 

The  integration  loss 
The  frequency,  Hertz 
Field  Effect  Transistor 
Fast  Fourier  Transform 
The  antenna  gain 

The  amplitude  of  H  at  z  ■  0,  Aap/meter 

The  incident  magnetic  field  intensity  in  air,  Amp/meter 
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The  complex  propagation  constant  of  medium  m  -  6  -  joB,  1/meter 

The  height  above  the  air/fresh  water  interface  that  the  monocycle 
pulse  is  transmitted  from,  meters 

Maximum  Allowable  Attenuation 

Minimum  Discernible  Signal,  Watts 

Power  reflected  from  air/dry  earth  interface,  Watts 

Power  reflected  from  air/glacial  ice  interface,  Watts 

Power  reflected  from  air/trees  interface,  Watts 

Power  reflected  from  air/water  interface,  Watts 

The  average  echo  signal  from  many  independent  scatterers,  Watts 

Power  spectnmi  of  e^(t) 

Power  reflected  from  the  fresh  water/salt  water  intarfaos.  Watts 

Transmitted  power.  Watts 

Power  reflected  from  a  thermocline,  Watts 
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?wi  •  Power  in  the  fresh  water  layer.  Watts 

Pair  -  Power  in  air  returned  to  the  nonocycle  radar,  Watts 

R  •  Range ,  meters 

R  “  Height  of  radar  above  the  fresh  water  interface,  meters 

R  -  Range  in  the  upper  layer  of  the  thermocline  in  fresh  water, meters 

2 

R'  ■  Range  in  lower  layer  of  the  thermocline  in  fresh  water,  meters 

2 

S  2  ■  The  mean  square  slope  of  a  rough  surface 

tan 4  ”  The  loss  tangent  “  the  conduction  current  divided  by  the 

displacement  current 

T  “  The  Fresnel  transmission  coefficient  at  the  air/fresh  water 

1  interface 

T  -  The  Fresnel  transmission  coefficient  at  the  upper  layer/lower 

2  layer  of  the  thermocline  interfaoe 

TE  -  Transverse  electric  wave,  Volts/meter 

TM  ■  Transverse  magnetic  wave,  Volts/meter 

TEM  »  Transverse  electromagnetic  wave,  Volts/meter 

U  -  Wind  velocity,  knots 

a  “  The  attenuation  constant  of  mediisa  m,  1/mater 

Bl 

8_  -  The  phase  constant  of  medium  m,  1/meter 

ID 

r  -  The  Fresnel  as  flection  coefficient  for  normal  incidence 

at  the  air/fresh  water  interface 

r(w)  -  The  overall  Fresnel  reflection  coefficient  where  each 

spectral  component  is  associated  with  a  spectral  component 
Er<») 

**m(m«-l)  "  Fresnel  reflection  coefficient  between  layer  m  and  layer  m+1 

r  ■  The  Fresnel  reflection  coefficient  at  the  fresh  water/salt  water 

**  interface 

r. .  ■  The  Fresnel  reflection  coefficient  of  the  thermocline 

Wl 

c  •  The  dielectric  constant  of  any  material,  Farads/meter 
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■  The  dielectric  oonetent  of  free  space  (air),  c  ■  c  ,  Parade/ 

eater  0  1 

-  The  dielectric  constant  of  the  Material  being  investigated, 
Parads/aeter 

■  The  relative  dielectric  constant  of  fresh  water 

■  The  relative  dielectric  oonstant  of  Medina  ■ 

~  The  relative  dielectric  constant  of  any  Material,  cr  -  c/eQ 

-  The  relative  dielectric  constant  of  salt  water 

-  The  relative  dielectric  constant  of  the  upper  layer  of  the 
thermocline 

-  The  relative  dielectric  constant  of  the  lower  layer  of  the 
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-  The  characteristic  impedance  of  salt  water.  Ohms 

-  The  characteristic  impedanoe  of  layer  a.  Ohms 

-  The  3  dB  beamwidth  of  the  antenna  pattern  in  "azimuth" ,  degrees 

-  The  angle  of  incidence  of  the  electromagnetic  energy  measured 
with  respect  to  the  normal  to  the  Ben  plane  of  the  randomly 
rough  surface,  degrees 

”  The  wavelength  in  free  space.  Meters 

~  The  wavelength  in  water,  Meters 

-  The  magnetic  permeability  of  any  material,  Henry /meter 

-  The  magnetic  permeability  of  free  space,  vQ  -  ,  Henry /meter 

•  The  Magnetic  permeability  of  Bediua  a,  Henry /me ter 

■  The  conductivity  of  any  Material,  nhos/awter 
“  The  radar  cross  section  of  a  target,  (meter) 2 
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•  Normalized  Radar  Croat  Section  (NRCS) 

-  The  time  average  radar  cross  section  of  the  1th  scatterer 
(meter)2 

-  The  conductivity  of  fresh  water,  mhos/meter 

-  The  conductivity  of  medium  m,  mhos/meter 

»  The  conductivity  of  salt  water,  mhos /meter 

■  The  monocycle  pulsewidth,  seconds 
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SECTION  I 


INTRODUCTION 

1.1  Background 

The  characteristics  of  a  single  cycle  of  a  short  sinusoidal  or  square 
pulse  of  electromagnetic  radiation  are  significantly  different  from  the 
widely  studied  characteristics  of  single  frequency  pulse  modulated  continuous 
electromagnetic  waves.  This  is  so  because  even  if  the  pulses  modulating 
the  single  frequency  carrier  are  very  short  the  receiver  in  typical  radars 
filter  out  all  of  the  frequencies  except  a  few  that  exist  around  the  carrier 
frequency.  This  filtering  removes  information  that  can  be  used  to  identify 
objects.  Furthermore,  if  the  modulating  pulses  are  of  the  order  of  nano¬ 
seconds,  the  carrier  frequency  must  be  of  the  order  of  10  -  100  GHz.  Atten¬ 
uation  through  dissipative  media  and  even  through  the  atmosphere  is  prohib¬ 
itive  at  such  high  carrier  frequencies. 

A  "monocycle"  pulse  is  either  one  half  or  one  full  cycle  of  a  harmonic 
wave  or  square  wave.  Theoretically  it  can  be  one  half  or  one  full  cycle 
of  any  continuous  wave.  It  is  the  limiting  of  the  harmonic,  square  or  in 
general  continuous  wave  in  time  that  gives  it  its  broadband  characteristics. 
The  broadband  is  not  shifted  up  in  frequency  by  a  carrier  because  the  mono¬ 
cycle  is  "carrierless".  The  duration  of  a  monocycle  can  be  microseconds, 
nanoseconds  and  even  picoseconds.  Its  harmonic  analysis  (Fourier  transform 
from  the  time  domain  to  the  frequency  domain)  represents  a  broadband  pulse 
that  does  not  have  a  carrier. 

Such  a  monocycle  pulse  undergoes  a  dispersion  and  change  in  amplitude 
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whan  it  is  reflectad  from  a  boundary  between  media  of  different  electrical 
conductivities,  capacitivities  (dielectric  constants),  and/or  specific 
inductivities  (permeabilities) .  The  dispersion  and  amplitude  change  and 
consequently  the  resulting  shape  of  the  monocycle  pulse  depends  on  these 
differences  in  0  ,  e  and  y. 

This  study  investigates  such  dispersive  effects. 

1.2  Purpose 

One  purpose  is  to  show  theoretically  the  potential  of  the  mono cycle 
technique  to  detect  and  identify  salt  water  layers  (wedges)  under  dissipa¬ 
tive  fresh  water.  Also,  the  potential  use  for  bathymetry  is  discussed,  in 
particular  for  water  bodies  of  extremely  low  salinities  as  may  be  expected 
in  some  parts  of  the  Baltic  Sea,  in  Fjords  and  in  large  estuaries.  The 
importance  of  bathymetry  for  military  operations  in  shallow  water  is  well 
known.  It  happens  to  be  that  some  bodies  of  water  with  very  low  salinity 
are  in  areas  of  particular  military  sensitivity. 

Salt  water  wedges  are  of  military  importance  for  small  submarines, 
swimmers  and  swimmer  delivery  vehicles  and  mine  and  counter  mine  warfare. 

To  give  a  more  detailed  example,  1  members  of  the  United  States  "Seal  Team" 
penetrated  456  km  (285  miles)  up  the  Mississippi  River  by  "riding"  the 
fresh  water/salt  water  wedge  interface.  The  extremely  rapid  flow  of  the 
Mississippi  makes  this  seem  impossible.  At  the  fresh  water/salt  water  inter¬ 
face  the  flow  is  sero  and  minimus  energy  was  expanded  by  the  "Seal  Team". 

The  salt  water  wedge  presents  navigational  problems.  2  Zf  the  propeller 
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of  a  ship  is  in  the  salt  water  wedge/fresh  water  interface,  its  energy  is 
used  to  mix  the  two  rather  than  propel  the  ship.  The  ship  cannot  maintain 
its  course  and  if  it  turns  sideways  the  Mississippi  can  capsize  it. 


Cook  first  presented  the  concept  of  using  a  monocycle  radar  in  1960. 

In  his  paper,  "Proposed  Monocycle-Pulse-Very-High -Frequency  Radar  for  Air¬ 
borne  Ice  and  Snow  Measurement"  3  ,  he  showed  the  feesiblity  of  using  a 

monocycle  radar  to  determine  the  thickness  of  ioe  and  snow.  It  can  be  either 
one  cycle  or  one  half  cycle  of  a  harmonic  wave.  It  is  this  limiting  of  the 
harmonic  wave  in  time  that  makes  it  broadband. 


1 . 3  Approach 

For  the  final  practical  application  an  airborne  radar  transmitter  and 
receiver  arrangement  is  visualized  which  emits  a  monocycle  of  an  accurately 
determined  waveform  and  investigates  the  waveform  of  each  of  the  received 
return  pulses  which  are  backscattered  from  boundaries  with  varying  a,  c  and/ 
or  y. 


The  approach  is  to  initially  work  in  the  frequency  domain.  The  single 
frequency  results  are  then  Fourier  transformed  into  the  time  domain  to  give 
the  optimum  pulse  shape  for  detecting  salt  water  wedges  in  estuaries.  The 
receiver  bandwidth  and  sensitivity,  repetition  rate,  transmitted  power.  Max¬ 
imum  Allowable  Attenuation  (MAAT) ,  and  antenna  gain  are  determined  from  the 
optimum  pulse  shape  and  its  spectral  content. 

An  airborne  monocycle  radar  over  fresh  water  and  salt  water  is  computer 
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modelled.  It  is  shown  the*-  it  is  possible  to  dstset  end  identify  a  salt 
water  wedge.  The  approach  taken  isolates  the  various  areas  where  energy 
is  lost  so  that  they  can  be  individually  analyzed. 

In  Section  2,  it  is  shown  that  surface  roughness  does  not  prevent  the 
detection  of  salt  water  wedges.  This  Is  done  by  using  Barridc's  data  for  e 
rough  surface. 

Single  frequency  calculations  are  made  in  Section  3.  Each  harmonic 
wave  is  analyzed  to  determine  how  much  energy  is  lost  at  the  air/fresh  water, 
thermocline  and  fresh  water/salt  water  interfaces.  The  losses,  including 
Ve2  losses,  are  determined  separately.  The  radar  range  equation  is  modified 
to  include  transmission  through  materials  and  focusing.  Using  the  modified 
radar  range  equation,  the  maxim®  depth  at  which  a  salt  water  wedge  can  be 
detected  is  determined. 

A  computer  model  is  developed  in  Section  4  that  predicts  the  amplitude 
and  shape  of  a  pulse  after  it  is  reflected  from  a  salt  water  wedge  and  sand. 
The  analysis  is  performed  for  a  narrow  band  pulse  and  a  broadband  pulse. 

It  is  concluded  that  to  identify  the  material  from  which  the  pulse  is  re¬ 
flected,  it  must  be  broadband.  This  excludes  single  frequency  amplitude 
modulated  radars.  The  model  shows  that  it  is  feasible  to  detect  and  identify 
a  salt  water  wedge  using  a  monocycle  radar. 

In  Section  5,  a  typical  monocycle  bathymetric  radar  is  designed  on  a 
systems  level.  Various  possible  antenna  configurations  are  discussed.  A 
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transmit/receive  network,  fet  preamplifier,  bandpass  filter ,  sample  and 
hold  circuit,  integrator  and  microprocessor  are  discussed. 
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SECTION  2 


SURFACE  ROUGHNESS 


2.1  A  Rough  Surface 

It  is  the  purpose  of  this  section  to  show  that  if  the  frequency  content 
of  the  pulse  is  kept  below  approximately  428  MHz  the  surface  of  the  estuary 
seems  smooth.  This  is  done  by  interpreting  Barridc's  results  for  a  rough  * 
sea  and  applying  them  to  monocycle  illumination  of  an  estuary.  Since  an 
antenna  pattern  has  a  finite  beamwidth,  the  pulse  will  illuminate  the  sur¬ 
face  over  a  range  of  angles.  Three  distinct  regions  of  ill\miinatian  are 
discussed.  This  is  presented  in  case  experimentation  shows  that  the  surface 
coes  not  appear  smooth.  Except  in  certain  instances  where  a  one-way  loss 
of  5  dB  is  assumed  for  a  rough  surface,  the  surface  of  the  estuary  in  this 
report  is  taken  as  smooth. 

Rough  surfaces  can  reflect  energy  in  unwanted  directions  reducing  the 
effectiveness  of  the  monocycle  radar.  A  useful  approximation  is  that  the 
height  of  the  waves  is  a  random  variable  defined  by  a  Gaussian  distribution. 
From  the  random  Gaussian  distribution,  the  Normalized  Radar  Cross  Section 
(NRCS )  per  unit  area  is  found.  5  Presently  accepted  models  of  scattering 
surfaces  are  composed  of  larger  gravity  waves  an  which  are  superimposed 
smaller  capillary  waves.  The  problem  of  surfaoe  roughness  referred  to  has 
been  especially  investigated  for  water  surfaces  in  the  open  sea.  Extrapola¬ 
tion  of  these  results  to  bounded  water  surfaces  such  as  an  estuary  seems 
reasonable  as  long  as  the  estuarian  boundaries  are  not  too  narrow. 
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Skolnik  6  depicts  how  the  NRCS  varies  aa  a  function  of  grazing  angle 
and  shows  three  distinct  regions  (see  Figure  1) i 

1 .  An  interference  region 

2.  A  plateau  region 

3.  A  quasi -specular  region 

The  transition  angle  between  the  plateau  region  and  the  quasi-specular  region 
occurs  at  a  grazing  angle  of  60°. 
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Quasi-specular  models  are  applicable  to  antenna  radiation  patterns  with 
a  beamwidth  of  i  30*.  For  antenna  radiation  patterns  with  larger  beamwidths , 
a  combination  of  quasi-specular  and  diffused  reflective  models  are  used. 

The  level  of  returned  backscattared  energy  is  considered  to  determine  how 
much  energy  is  reflected  into  the  sidelobes  and  main lobe  of  the  antenna  ra¬ 
diation  pattern.  Measured  values  of  this  return  called  the  NRCS  often  lie 
between  OdB  and  10  dB  for  medium  seas  at  vertical  incidence  (see  Figure  2) . 


John  Daley  8  presents  an  empirically  derived  model  that  agrees  with 
both  of  two  theories  known  as  "Composite  Surface  Theory"  and  "Specular  Point 
Theory"  which  are  two  of  several  theories  trying  to  explain  how  electromag¬ 
netic  waves  are  backscattered  from  a  sea  surface.  The  agreement  is  valid 
for  vertical  incidence.  The  frequencies  used  in  his  experiment  are  X  band 
(8.91  GHz),  C  band  (4.45  GHz),  L  band  (1228  MHz)  and  P  band  (428  MHz). 


Daley  relates  the  NRCS  to  the  average  wind  velocity  by  using  a  power 
law  approximation i 


o*  -  .0* 


(1) 
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Quasi  Specular 


where 


i 


I 

s 


0*  -  o’/A  -  NRCS  (2) 

and 

a 'is  the  radar  cross  section  of  the  target  9  in  square  meters 
A  is  the  area  on  the  surface  illuminated  by  the  two-way  antenna  pattern  1 
U  is  the  wind  velocity 

He  determines  a  and  x  from  a  least  squares  fit  to  test  data. 

Barrick  11  shows  that  the  NRCS  for  a  rough  surface  with  a  Gaussian 
distribution  is 

o°  -  sec**8i  exp  (-tan28i/?  2)  j  r  |  2 

s  2  (3) 

where 

T  ■»  The  Fresnel  reflection  coefficient  of  the  air  to  surface  inter¬ 
face  for  normal  incidence 
S  2  ■  The  mean  slope  of  the  rough  surface 

9^  ■  The  angle  of  incidence  of  the  illuminating  uniform  plane  wave 

measured  with  respect  to  the  normal  to  the  mean  plane  of  the 
randan  surface 

Daley  at  al  12  show  the  median  decibel  values  of  NRCS  for  wind  veloc¬ 
ities  of  0-50  knots  at  vertical  incidence  for  X,  C,  L,  fc  P  band  (see  Figure  3) 
At  P  band  the  median  NRCS  is  approximately  2  dB.  This  value  is  equal  to  the 
Fresnel  power  reflection  coefficient  for  a  smooth  sea. 
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2.2  Conclusion 


» 


Barrick  shows  that  as  the  frequency  of  operation  is  lowered  froa  X 
band  to  L  band  the  median  NRCS  decreases  froa  B  dB  to  2  dB,  AtP  band 
(428  MHz)  the  median  NRCS  is  equal  to  the  Fresnel  power  reflection  coeffi¬ 
cient.  The  implication  is  that  the  sea  seems  smooth  for  a  monocycle  pulse 
whose  frequency  content  is  less  than  428  MHz  even  for  winds  up  to  50  knots. 
This  is  not  obvious  and  must  be  proven  by  experimentation. 


If  experimentation  does  not  verify  the  surface  is  smooth  for  a  monocycle 
pulse,  the  computer  model  will  be  modified  by  Daley's  and  Barrick's  equation 
for  the  NRCS  of  a  rough  surfaoe.  The  computer  model  is  then  store  complex 
and  the  three  regions  defined  by  Skolnik  will  have  to  be  accounted  for. 
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SECTION  3 


SINGLE  FREQUENCY  CALCULATIONS 

3.1  Introduction 

Single  frequency  calculation*  are  made  to  determine  what  the  frequency 
content  of  a  monocycle  should  be  for  use  in  bathymetry  and  detection  and 
identification  of  a  salt  water  wedge.  The  calculations  determine  how  much 
energy  enters  fresh  water  from  the  air,  how  much  energy  is  reflected  from 
and  transmitted  through  a  thermocline,  and  how  much  energy  is  reflected  from 
a  salt  water  wedge  or  bottom  and  returns  to  the  air. 

The  radar  range  equation  is  modified  to  account  for  energy  lost  at  each 
interface  and  for  the  attenuation  of  each  medium.  The  influence  of  focusing 
is  discussed.  For  a  fresh  water  layer  where  the  displacement  current  dom¬ 
inates  propagation,  it  is  permissible  to  account  for  losses  in  the  layer  by 
using  the  lossless  forms  of  the  solutions  to  Maxwell's  equations  and  modifying 
them  by  the  addition  of  the  losses  due  to  attenuation  through  the  layer.  13 
Appendix  A  shows  that  a  negligible  error  occurs  using  this  assumption  when 
o  <_  .01  mhos/meter  and  a  16%  error  occurs  when  o  ■  .1  mhos/meter.  The 
Maximum  Allowable  Attenuation  (MAAT)  is  calculated  using  a  Min in mum  Discern¬ 
ible  Signal  (MDS)  of  -160  dBW.  The  advantage  of  this  approach  is  that,  if 
an  MDS  of  -160  dBW  is  not  realizable  for  the  broadband  mono  cycle  pulse  dis¬ 
cussed  in  Section  4.3,  the  transmitted  power  and/or  the  antenna  gain  can  be 
increased  if  the  MDS  must  be  decreased.  For  exa^le,  if  the  MDS  is  -120  dBW 
the  transmitted  power  can  be  increased  to  +30  dBW  and  the  antenna  gain  in¬ 
creased  to  10  dB  to  compensate  for  the  40  dB  of  sensitivity  loot.  These 
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considerations  become  especially  important  if  the  bandwidth  of  the  receiver 
is  centered  at  1  MHz.  At  this  frequency  atmospheric  noise  can  reduce  the 
lowest  possible  MDS  from  KTB  equal  204  dB  below  one  Joule  by  approximate ly 
60  dB.  14  The  lowest  signal  one  could  expect  to  detect  in  a  one  Hertz  band¬ 
width  would  then  be  -144  dBW.  If  a  25%  bandwidth  is  used  (.75  MHz-1  MHz) , 
the  MDS  is  reduced  to  -90  dBW  or  1  nanoVolt.  It  is  shown  that  the  Mar imam 
Allowable  Attenuation  (MAAT)  for  a  transmitted  power  of  1  Watt  (OdB)  and 
an  antenna  gain  of  OdB  the  maximum  allowable  attenuation,  after  1/R2  losses 
and  interface  losses  are  accounted  for*  is  110  dB. 

3.2  Air/Water  Interface 

The  air/water  interface  is  the  first  return  an  airborne  monocycle  radar 
receives.  This  return  is  followed  by  a  return  from  a  thermocline,  and  then 
from  the  bottom  or  salt  water  wedge,  the  amount  of  power  received  depends 
on  the  frequency  content  and  henoe  the  shape  of  the  transmitted  pulse. 

The  dielectric  constant  of  water  is  temperature  and  frequency  dependent. 
Increasing  the  frequency  or  the  teiqperature  decreases  the  dielectric  constant. 
Data  taken  from  Van  Hippel  15  show  that  the  relative  dielectric  constant 
of  water  varies  linearly  from  87  to  55  as  the  tenperature  varies  from  1.5e  C 
to  95*  C.  This  is  valid  for  frequencies  from  100  kHz  to  300  MHz  (see  Figure  4) . 
If  the  frequency  is  raised  to  3  GHz  the  curve  drops  slightly  and  becomes 
curved.  Increasing  the  frequency  to  10  GHz  or  25  CKz  results  in  a  drastic 
change  in  the  curve  of  dielectric  constant  vs  temperature. 

The  dependence  of  power  reflected  from  the  air^rater  interface  an 
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Figure  4.  Relative  dielectric  constant  of  water  vs  temperature.  I1* 
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dielectric  constant  is  given  by  the  following  equations* 


P  -  P.(D2  *  P  {  (/T  -1)/(^T“+1)}2  (4) 

aw  t  t  fw  rw 


aw 

t 

t  fw  rw 

when 

WE ’>>0 

(5) 

where 

w 

- 

2 it f  “  the  angular  frequency,  radians/seo 

f 

- 

frequency.  Hertz 

e* 

- 

the  dielectric  constant  of  the  material  being 

investigated. 

0 

a 

Farad/meter 

the  conductivity  of  the  material  being  investigated,  mhos/toetar 

c 

m 

the  relative  dielectric  constant  of  water 

fw 

r 

- 

the  Fresnel  reflection  coefficient  for  normal 

incidence  at 

p 

aw 

a 

the  air/fresh  water  interface 

power  reflected  from  the  air/water  interface. 

Watts 

Pt 

- 

transmitted  power.  Watts 

If  it  is  assumed  that  10kW  is  transmitted  and  that  the  relative  dielectric 
constant  of  water  is  79,  the  power  reflected  from  the  air/water  interface  is 

Paw  "  +1,}2  -  10  »  (.798)* 

-  6.36  kW  (6) 
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The  power  transmitted  into  the  water  is  the  difference  between  the  total 
power  and  the  power  reflected  at  the  interface i 


Pwi  *  Pt  “P«w  “  3'64  W* 


(7) 


At  the  air/fresh  water  interface,  63.6%  of  the  energy  is  reflected. 

This  is  a  one-way  transmission  loss  through  the  interfaaa  of  4.4  dB. 

3.3  Thermocline  Interface 

In  relatively  stagnant  water  the  temperature  changes  with  depth.  This 
change  represents  a  discontinuity  in  the  dielectric  constant  and  a  reflection 
occurs.  Figure  5  presents  depth  vs  teirperature  for  Lake  Erie.16  Although 
this  data  is  not  directly  applicable  to  estuaries,  an  indication  of  what 
happens  to  electromagnetic  energy  at  a  thermocline  interface  is  obtained. 

The  tenperature  at  the  surface  of  the  lake  is  73*F  (22.78*0  .  At  a  depth 
of  60  feet  (18.29  meters)  the  temperature  is  SO*F  (10*0.  From  Figure  4, 
the  dielectric  constants  for  the  above  temperatures  are  •  79  and  " 
83.5,  respectively. 


The  power  reflected  from  the  thermocline  is  equal  to  the  power  in  the 
water  times  the  lower  reflection  coefficient  of  the  thermocline i 


where 

Pth  *  PCMex  reflected  from  the  thermocline 


IB 


DEPTH  (FT) 


TEMPERATURE  (*F) 


Figure  5.  Bathythermograph  temperature  recording!  in  the 
central  basin  of  Lake  Brie.  16 
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(r  )2  -  Fresnel  power  reflection  coefficient  et  the  thermocline 

th 

Substituting  equation  (7)  and  the  values  of  dielectric  oanstant  e  and 

wl 

ew2  into  equation  (8)  and  accounting  once  more  for  the  water  air  interface, 
it  can  be  shown  that  the  power  transmitted  back  from  the  thexmocline  into 
the  air  is  .254  Watts.  In  a  similar  manner  it  can  be  shown  that  if  the 
frequency  is  increased  to  10  GHz,  the  power  transmitted  back  into  the  air 
is  3.83  Watts.  If  the  frequency  is  increased  to  25  GHz,  the  power  transmitted 
back  into  the  air  is  28.4  Watts.  As  will  be  shown,  the  return  from  the  salt 
water  interfaces  at  the  frequencies  to  be  used  is  much  larger  than  these 
values.  Therefore,  thermoclines  do  not  interfere  with  the  detection  of  salt 
water  wedges. 

3.4  Salt  Water  Interface 

It  is  assumed  that  a  horizontal  salt  water  wedge  with  a  relative  die¬ 
lectric  constant  of  80  and  a  conductivity  equal  to  4  mhos/meter  exists  under 
a  fresh  water  layer  with  relative  dielectric  constant  equal  to  83.5  and 
zero  conductivity.  Since  the  conductivity  dominates  at  the  salt  water  wedge, 
the  power  reflection  coefficient  at  this  interface  is  written 

r2  -  { <n  /n  )-l)/((n  /n  >+i}  (9) 

»w  32  32 

where 

-  the  oomplex  characteristic  wave  impedance  for  uniform  plane 

waves  in  the  salt  water  wedge.  Ohms 

n  -  the  complex  characteristic  wave  impedance  for  uniform  plane 
2 

waves  in  the  fresh  water,  Ohms 


It  can  ba  shown  that 


n  *  (u>y/2a) 1//2 
3 


(10) 


and 

n  *  (u/e '  )  1j^2 
2  w2 


(ID 


where 


and 


c' 


w2 


w2 


e 

o 


e  -  the  dielectric  constant  of  free  space 
o 

-  8.854xl0-la  Farad/meter 


The  power  reflection  coefficient  for  salt  water  calculated  by  substi¬ 
tuting  equations  (10)  and  (11)  into  (9)  is  presented  in  Table  I.  The 
power  that  is  transmitted  through  the  thermocline  to  the  salt  water  is  the 
power  in  the  fresh  water,  P  ,  minus  the  power  reflected  froai  the  thermocline, 
P._  .  In  the  frequency  range  105  to  3xl08  Hz,  this  power  is  3.64  kWatts. 

Using  the  power  reflection  coefficients  in  Table  I,  the  power  returned  to 
the  thermocline  from  the  salt  water  interface  can  be  calculated.  The  power 
that  enters  the  air  can  also  be  calculated  and  is  presented  in  Table  I. 


3.5  Attenuation  of  Plane  Electromagnetic  Waves 

In  the  above  discussion  the  losses  due  to  the  conductivity  of  the  water 
are  neglected.  The  characteristic  impedance  is  therefore  independent 
of  the  conductivity,  o.  This  is  consistent  with  the  initial  statement  in 
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TABLE  X 


* 


| 


| 

I 


I 


The''power  that  rat  urn  ■  to  the  monocycle  radar,  P4ir,  aftar  it  has 
travallad  through  a  thermocline  in  fraah  vatar  and  is  rsflactad 
from  a  salt  vatar  layar. 


f  (Hr) 

- j* - 

sw 

P-^OcW) 

mw 

Pair(kW) 

10  5 

.97 

3.53 

1.28 

106 

.91 

3.31 

1.21 

10  7 

.74 

2.69 

.98 

00 

o 

H 

.37 

1.35 

.49 

where, 

r>w  -  The  Presnel  reflection  coefficient  of  the  salt  water 
Psw  "  The  power  reflected  from  the  salt  water 

P4^r  -  The  power  in  air  at  the  mo  nocycle  radar 
and  the  constitutive  parameters  are i 

a.  Upper  layer  of  the  thenaocline,  cwl  «  79  and 
a  ■  0  mho* /meter 

b.  Lower  layer  of  the  the rmoc line ,  cw2  *83.5  and 
o*0  mhoa /meter 

c.  Salt  water,  -  80  and  a&w  ■  4  mhos/mater 


1 


the  approach  that  the  losses  are  separated  so  that  their  individual 

contribution  to  the  problem  can  be  properly  evaluated.  Instead  of  using 

a  complex  form  for  n  ,  the  attenuation  in  dB  per  aster  is  calculated  for 

2 

various  conductivities.  In  Section  4,  the  computer  model  does  not  use  any 
approximations  and  considers  both  and  to  be  complex.  The  conductivity 
is  related  to  the  relative  dielectric  constant  and  loss  tangent  of  a  material 
by  the  following  formulat  17 

o  -  f  E^tanfi/l.SxlO10  mhos/meter  (12) 


where 

f  -  frequency  in  Hertz 

e  ■  relative  dielectric  constant 

r 

tan6  ■  loss  tangent  «  conduction  current  divided  by  displacement 
current 

It  is  shown  in  Appendix  A  that  the  units  of  equation  (12)  are  mhos/meter. 
The  attenuation  constant  is  related  to  the  relative  dielectric  constant  and 
loss  tangent  by  the  following  formula!  18 

o  -  {2w(e  )l/2  /  X  }{{(l+tan26)l/2  -l}/2}l/2  (13) 

r  1 


where 


A  “  free  space  wavelength 


The  loss  in  dB/meter  is  obtained  by  multiplying  equation  (13)  by  8.68.  The 
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dependence  of  a  on  a  is  given  by  equation  (20)  in  Section  4.2.  Using 
equations  (12)  and  (13)  tables  of  attenuation  versus  depth  are  constructed. 
Tables  XZa  through  c  present  depth  of  penetration  in  meters  versus  atten¬ 
uation  for  distilled  water.  The  conductivity  of  distilled  water  is  frequency 
dependent  and  therefore  varies  in  the  Tables.19  The  depth  of  penetration 
varies  from  1  )cm  to  20  meters  and  the  two-way  attenuation  varies  from  74  dB 
to  155  dB.  Depth  of  penetration  vs  attenuation  for  different  values  of 
conductivity  and  for  the  frequency  range  25  MHz  to  500  MHz  is  presented  in 
Table  III.  The  attenuation  increases  rapidly  with  conductivity.  When  the 
conductivity  is  .001  mhosAneter,  the  one-way  attenuation  is  9.15  dB.  If  the 
conductivity  is  increased  to  .005  and  .01  mhos/meter  the  one-way  attenuation 
is  45.7  dB  and  83.5  dB,  respectively.  Increasing  the  conductivity  to  .1  mhos/ 
meter  results  in  a  one-way  attenuation  of  181.7  dB  after  10  meters.  This 
is  prohibitively  large  and  is  the  cutoff  conductivity  for  frequencies  in  the 
range  25  to  500  MHz. 

The  conductivities  of  some  natural  bodies  of  water  obtained  from  the 
Waterways  Experiment  Station  20  are ! 

1.  The  Mississippi  has  a  conductivity  of  .02  mhos/meter 

2.  Hudson  Bay  has  a  conductivity  of  .2  nhos/meter 

3.  Industrial  waters  have  conductivities  ranging  from  .05  to.,1  mhos/ 
meter. 

Typical  values  of  conductivity  for  areas  in  the  Baltic  Sea  range  from  .8  to 
1.2  mhosAaeter.  21 

To  be  able  to  detect  a  salt  water  wedge  beneath  a  *  fresh  water"  layer 
whose  conductivity  is  .1  mho/meter  or  higher,  it  is  necessary  to  lower  the 
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TABLE  II* 


Attenuation  vs  depth  for  distilled  water  19 
(a)  T  -  25 *C,  f  -  10 7Hz ,  -  78.2,  tan 6  •  46x10"**,  a  -  2X10"1* 

mhos /meter,  a  ■  .00427  (meter)*"1,  8.68  a  -  .037  dB/eeter . 


d  (meters) 

Cbe-Way 

Attenuation  (dB) 

Two-Way 

Attenuation  (dB) 

10 

.37 

.74 

20 

.74 

1.48 

30 

1.11 

2.22 

40 

1.48 

2.96 

50 

1.85 

.37 

100 

3.7 

7.4 

500 

18.5 

37.0 

1,000 

37.0 

74.0 

! 

I 

I 

I 

( 

i 

| 

t 


TABLE  ZIb 

Attenuation  vs  depth  for  distilled  water  19 

(b)  T  »  25*C,  f  -  108  Hz,  kanfi  -  50x10"'*,  -  78,  -  21.81*10”^ 

mhoe/meter ,  a  “  .0463  (meter)"1,  8.68  a  ■  .403  dB/meter. 


d  (meters) 

One-Way 

Attenuation  (dB) 

Two-Way 

Attenuation  (dB) 

10 

4.03 

8.06 

20 

8.06 

16.12 

30 

12.09 

24.18 

40 

16.12 

32.24 

50 

20.15 

40.30 

100 

40.3 

80.60 

200 

80.6 

161.2 

I 


TABLE  lie 

Attenuation  vs  depth  for  distilled  water  19 


(c)  T  -  25*C,  f 
xlO"2  mhos /eater, 

-  3x10®  Hz,  tani  -  160x10“** 
a  -  .4453  (meter)-1  8.68  a 

'  efw  “  77-5'  Ofw  -  2-09 
•  3.865  dB/eeter. 

d  (meter) 

One-Way 

Attenuation  (dB) 

Two-Way 

Attenuation  (dB) 

2 

7.73 

15.46 

4 

15.46 

30.92 

6 

23.19 

•6.38 

8 

30.92 

61.84 

10 

38.65 

77.30 

20 

77.30 

154.60 

TABLE  III 


I 


§ 


One-Way  Attenuation  v»  Depth  For  25  **  <f<  500  IBs 


o£w  (ahoa/a) 

8.68a (dB/a) 

d  (a) 

.001 

.005 

.01 

.1 

.18 

.91 

1.82 

18.17 

Attenuation  (dB) 

m 

1 

.18 

.91 

1.82 

18.17 

10 

1.82 

9.14 

18.27 

181.7 

30 

5.48 

27.43 

54.81 

40 

7.31 

36.58 

73.08 

50 

9.14 

45.73 

83.54 

60 

10.97 

54.87 

109.62 

70 

12.80 

64.02 

80 

14.63 

73.16 

90 

16.46 

82.31 

100 

18.29 

91.46 

where 


efw  "  80 


I 

\ 

) 
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frequency  c  ntent  of  the  aonocycle  pulse  below  25  MBs.  If  the  highest 
frequency  component  of  the  nonocycle  pulse  is  low  the  antenne  needed  to 
support  such  s  aonocycle  pulse  becaaes  large.  If  the  antenne  is  placed 
on  the  water  the  problem  be  cones  easier  to  solve.  This  serves  two  purposes. 
The  reflection  at  the  air  water  interface,  which  becones  larger  as  the  fre¬ 
quency  content  of  the  aonocycle  pulse  is  lowered,  is  elJjsinated,  and  the 
water  Boads  the  antenna.  King  states  22  that  an  antenna  loaded  by  sea 
water  is  electrically  50  tines  longer  than  the  sane  antenna  in  air.  The 
implication  is  that  when  conductivity  of  the  fresh  water  layer  is  greater 
than  .1  nho/eeter  the  propagation  is  dominated  by  the  conductivity  and  the 
loading  factor  although  not  as  high  as  sea  water  (50)  is  greater  than  that 
of  fresh  water  (9) .  The  antenna  if  placed  an  the  fresh  water  whose  conduc¬ 
tivity  is  greater  than  .1  nho/eeter  does  not  have  to  be  as  large  as  the 
sane  antenna  in  air.  This  is  a  conospt  that  remains  to  be  proven. 

Table  IV  is  a  list  of  losses  Incurred  for  a  aonocycle  radar  30  net  era 
above  the  fresh  water  layer.  The  constitutive  parameters  for  the  fresh 
water  are  -  80  and  o  ranges  free  .001  to  .01  nhos/nster.  Ter  the  salt 
water,  -  80  and  o  ■  4  nhos/nster.  The  MAAT  for  a  transmitted  power  of 
1  Watt  (OdB)  and  an  antenna  gain  of  OdB  is  approximately  110  dB.  The  table 
contains  the  effect  of  a  rough  surfaoe  even  though  the  snrfaoe  appears 
saooth  for  a  pulse  whose  frequency  content  is  below  428  MHz.  The  loeses 
due  to  the  theraocline  are  negligible.  The  loeses  due  to  the  air/Vater, 
theraocline  and  salt  inter faoe  are  less  than  20  dB.  The  total  losses 
including  1/R2  and  rough  surfaoe  losses  are  approximately  50  dB.  The 
table  is  important  because  it  puts  the  loeses  in  their  proper  prospective. 


TABLE  IV 


Maxima  Allowable  Attenuation  (MAAT)  With  The  Monocycle  Radar  15  Ctetera 
Above  The  Fresh  Water 


f(»«x} 

25 

50 

1 00 

200 

300 

400 

500 

*t<dBW) 

0 

0 

0 

0 

0 

0 

0 

T  (dB) 

1 

4.42 

4.42 

4.42 

4.42 

4.42 

4.42 

4.42 

T  (lO^dB) 

2 

8.68 

8.68 

8.68 

8.68 

8.68 

8.68 

8.68 

rk<®> 

2.06 

2.92 

4.17 

5.99 

7.42 

8.66 

9.76 

T  (lO^dB) 

2 

8.68 

8.68 

8.68 

8.68 

8.68 

8.68 

8.68 

T  (dB) 

1 

4.42 

4.42 

4.42 

4.42 

4.42 

4.42 

4.42 

Si±>  total 

10.9 

11.76 

13.01 

14.83 

16.26 

17.5 

18.6 

R.S. (dB) 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

l/R^dB) 

29.5 

29.5 

29.5 

29.5 

29.5 

29.5 

29.5 

G  (dB) 

0 

0 

0 

0 

0 

0 

0 

Subtotal  2 

45.4 

46.26 

47.51 

49.33 

50.76 

52 

53.1 

MDS  (dBW) 

160 

160 

160 

160 

160 

160 

160 

MAAT 

114.6 

113.7 

112.5 

100.7 

109.2 

108 

106.9 

where, 

R.S.  "  effect  of  rough  surface 

MDS  "  ainiava  discernible  signal 

and  the  constitutive  paraaeters  aret 

a.  Fresh  water  layer  t  ±  ■  80  and 
.001  o  <  .01  ahos/aeter 


3.6  Radar  Range  Equation 


The  presentation  given  in  Section  3.4  ia  one  approach  to  finding  the 
limitations  of  using  a  radar  in  bathymetry.  Another  Approach  is  to  modify 
the  radar  range  equation  so  that  propagation  through  various  madia  is  expressed 
explicitly, 

"The  surface  of  the  sea  may  be  considered  as  covposed  of  a  number  of 
individual  scatters  which  scatter  or  reflect  the  incident  radar  energy  inde¬ 
pendent  of  one  another.  The  average  echo  signal  (average  over  aumy  radar 
sweeps)  from  all  independent  scatters  illuminated  by  the  antenna  beam  is 

P  -  { (P  G2X2)/(4s)  3Rlf}L  o’  (14) 

r  t  i  i 


where  is  the  time  average  radar  cross  section  of  the  1th  scatter".  23 
Since  the  estuary  and  the  interfaces  beneath  it  present  an  extended  target 
the  radar  range  equation  becomes 


where 


P  -  P  G2X2eo4aoV(4ir)3R2sin4  (15) 

r  t  i  9  6  1 

P^  «  transmitted  power 
G  ■  antenna  gain 
X^  ■  wavelength  in  free  spaoe 
6  •  3dB  beasmidth  in  "azimuth" 

D 

♦  “  3dB  beamwidth  in  "elevation” 

0 

0"  -  HRCS 
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R  ”  height  of  the  reder  above  the  freeh  water 
interface 

♦  »  depression  angle  (♦  -  0*  on  the  horizon) 

To  include  transmission  through  materials  and  reflections  from  inter* 
faces  of  materials«  the  radar  range  equation  aaist  be  modified  to  include 
the  energy  lost  from  reflections  at  each  interface:.  It  must  also  include 
losses  due  to  conductivity  of  the  materials  and  it  must  account  for  the 
focusing  effect  the  electromagnetic  energy  receives  when  it  is  refracted  at 
each  interface.  For  normal  incidence  equation  (15)  takes  the  following 
forms 


P  -  {P  G2r2  T^T** 6  +  A2  /  (4ir)  3R2}exp(-2a  R  -2a'R')  (16) 

r  t  **1288  1  1  2222 


where 


R 

1 

R 

2 

R' 

2 

r 

sw 


a 

2 

o’ 

2 

T 

1 


T 

2 


height  of  radar  above  the  fresh  water  interfaoe 
range  in  upper  layer  of  thermocline  in  fresh  water 
range  in  lower  layer  of  thermocline  in  fresh  water 
Fresnel  reflection  coefficient  of  salt  water 
the  attenuation  in  upper  layer  of  thermocline  in  freah  water 
the  attenuation  in  lower  layer  of  thermocline  in  freah  water 
the  Fresnel  transmission  coefficient  at  the  air/freah  water 
interface 

the  Fresnel  transmission  cosfficient  at  the  thermocline  inter¬ 
face 
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Equation  (16)  la  derived  for  transmission  through  throe  mediai  Air, 
the  upper  layer  of  the  the rmoc line  and  the  lower  layer  of  the  then»cline. 

The  desired  target  is  the  salt  water  interfaoe,  r  It  is  readily  extended 

sw 

to  more  media  by  multiplying  by  the  transmission  coefficient  raised  to  the 
4th  power  for  losses  at  interfaces  and  by  adding  attenuation  coefficients 
to  the  exponent  to  account  for  dissipative  losses.  It  is  assumed  that  a 
single  frequency  plane  wave  is  normally  incident  on  all  boundaries  and  that 
the  attenuation  of  the  media  make  the  amplitude  of  the  second  and  higher 
bounces  between  media  negligible.  The  desired  reflection  is  the  first  return 
from  medium  3.  Focusing  is  accounted  for  by  assuming  there  are  no  1/R2  loss 
in  the  media.  Using  a  relative  dielectric  constant  of  water  of  79  and  Snell's 
law,  it  can  be  shown  that  an  antenna  pattern  with  a  half  power  beamwidth  of 
60*  is  "focused"  to  5.44".  A  5*  half  power  beamwidth  is  "focused"  to  .56*. 

Equation  (16)  has  been  computer  progranraed  and  an  analysis  is  performed 
to  determine  the  depth  of  penetration  for  an  airborne  monocycle  radar.  The 
radar  is  assumed  to  be  15  meters  above  a  fresh  water  layer  ovmr  a  salt  water 
wedge.  In  the  programming,  the  following  values  (or  magnitudes)  have  been 
given  to  the  parameters  in  equation  (16) i 

P  -  OdBW 

t 

G  -  8.75  dB 

6„  ■  #  ■  60  degrees 

B  0 

R  ■  15  meters 

1 

R  -  variable  to  be  determined 

2 

r*  »  0 

2 
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rw  -  Fresnel  reflection  coefficient  of  salt  water  at  a 

particular  fraquancy 

T  -  Fraanal  transmission  coafficiant  of  air/frash  water 

1  interface  which  is  a  variable  depending  an  frequency 
and  conductivity  of  the  fresh  watar  layer 

T  -  1 

2 

a'  -  0 

2 

a  •  Attenuation  calculated  for  various  conductivities 

2 

A  “  Wavelength  of  particular  frequency  being  considered 

1  in  free  space 


Table  V  presents  depth  of  penetration  for  10  MHz,  and  500  MHz.  The 
Table  has  three  major  headings: 


l 


/ 


1.  f  (MHz) 

2.  o (nhos/neter) 

3.  d  (meters) 

I 

The  d  (meters)  heading  is  broken  down  into  two  subheadings.  P(  is  the 
transmitted  power  and  the  depth  in  meters  for  0  dBW  and  43  dBW  is  given. 

The  column  with  the  heading  Ej.oss  represents  the  increase  in  power  obtained 
by  integrating  1000  pulses  with  an  integration  loss  of  10  dB.  At  10  MHz  the 
minimum  discern able  signals  are  considered,  110  dB  and  160  dB.  At  10  MHz 
the  maximum  depth  of  penetration  when  the  conductivity  is  .1  mhos/meter  is  7 
meters.  At  100  MHz  the  maximias  depth  is  5  meters  and  at  500  MHz  the  maximum 
depth  is  4.4  meters. 


TABLE  V 


Depth  of  penetration  d  (eaters) ,  vs  conductivity ,  o (ahoe/eetar) ,  for 
a  freah  water  layer  over  aalt  water,  with  the  radar  IS  eaters  above  the 
freah  water,  for  frequanciea  f  (MHz) . 


f  (Mlz) 

OfyCahoa/aetar) 

d  (eaters) 

Pt" 

OdBW 

Pt  “ 

'  43  dBW 

nE  ■  20  dB 

loaa 

MDS 

110  160 

MDS 

110  160 

MDS 

110 

160 

10 

.001 

248 

385 

366 

501 

421 

557 

.005 

50 

77 

73 

101 

84 

112 

.01 

25 

39 

37 

51 

42 

56 

.1 

3 

4.8 

4.6 

6.4 

5.3 

7.1 

100 

.001 

186 

322 

303 

440 

358 

495 

.005 

37 

65 

61 

88 

72 

99 

.01 

19 

32 

30 

44 

36 

50 

.1 

1.9 

3.2 

3.0 

4.4 

3.6 

4.9 

500 

.001 

132 

269 

250 

386 

304 

441 

.005 

26 

54 

50 

77 

61 

88 

.01 

13 

27 

25 

39 

30 

44 

.1 

1.3 

2.7 

2.5 

3.9 

3.0 

4.4 

•where i 

MDS  -  Minieun  Dieoemible  Signal 

n  -  The  number  of  pulaea  integrated 

(aaauaad  to  be  1000) 

■  Integration  loaa  (aaauaad  to  be  -lOdB) 
and  the  constitutive  par zosters  arei 

a.  Freah  water  -  80,  .001  <  S^  <_  .1  ahoa/aater 

b.  Salt  water  z__  -  00  a  -  4  ahoa/aater 

aw  aw 
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The  single  frequency  analysis  uaing  equation  (16)  show*  that  decreasing 
the  frequency  increases  depth  of  penetration.  As  originally  explained  in 
paragraph  1.3,  Approach,  the  single  frequencies  or  harmonic  waves  will  be 
Fourier  transformed  from  the  frequency  domain  into  the  time  domain  to  form 
a  monocycle  pulse.  If  the  desired  depth  of  penetration  is  greater  than  7 
meters  a  monocycle  pulse  whose  frequency  content  is  lower  than  10  MHz  should 
be  used. 


I 


! 

| 

I 

\ 


Decreasing  the  frequency  content  of  the  monocycle  pulse  to  increase 
depth  of  penetration  as  the  conductivity  of  the  fresh  water  layer  is  increased 
above  .1  mhos/meter,  implies  a  longer  pulse  and  an  increase  in  reflected 
energy  from  the  air/fresh  water  interface.  The  increase  in  reflected  energy 
is  undesirable.  A  monocycle  pulse  whose  frequency  content  is  less  than  10 
MHz  will  be  approximately  30, 5  m  long  in  air.  By  placing  the  antenna  on  the 
water,  or  within  a  few  feet  of  it,  the  size  of  the  antenna  can  be  reduced 
by  the  loading  effect  of  the  water.  The  antenna  is  loaded  by  the  water  be¬ 
cause  propagation  of  electromagnetic  energy  is  slowed  down  making  the  antenna 
electrically  longer.  If  the  displacement  current  is  much  greater  than  the 
conduction  current,  the  antenna  will  seem  electrically  longer  by  the  square 
root  of  the  dielectric  constant.  For  the  case  under  consideration,  that  is, 
the  frequency  content  of  the  monocycle  pulse  is  less  than  10  MHz  and  the 
conductivity  of  the  fresh  water  is  greater  than  .1  mhos/meter,  the  conduction 
current  dominates  propagation.  The  electromagnetic  energy  propagates  sore 
slowly  than  before  and  the  30.5  m  antenna  is  electrically  longer  than  it  was 
when  the  displacement  currant  dominated  propagation. 


S 
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To  have  an  equivalent  directivity  of  a  30.5  m  (100  ft)  antenna  in 

air,  an  antenna  on  a  fresh  water  layer  where  propagation  is  dominated  by 

the  displacement  current  need  be  only  3.4  m  (11.1  ft)  long.  For  the  case 

where  the  conduction  current  dominates  propagation  it  is  hypothesized  that 

the  antenna  need  be  less  than  3.4  m  (11.1  ft)  long  to  obtain  the  same 

directivity.  King  showed  24  that  when  the  conductivity  is  4  rah oe /me ter 

and  the  frequency  is  1.4  MHz  the  electrical  size  of  the  antenna  is  increased 

by  a  factor  of  50.  When  the  conductivity  is  greater  than  .1  mhos /meter  the 

electrical  length  of  the  antenna  will  be  between  9  and  50  times  greater  than 

it  is  in  air.  Increasing  the  electrical  length  of  an  antenna  increases  its 

directivity.  Placing  the  antenna  on,  or  close  to,  the  water  eliminates  the 

1/R2  loss  and  the  T4  loss  in  equation  (16) . 

1  1 

The  focusing  effect  caused  by  the  air/water  interface  is  lost.  The 

focusing  collimated  the  beam  and  eliminated  1/R^  losses  in  the  water.  The 

1/R2  loss  in  the  water  is  taken  into  account  by  letting  R  ■  R  .  The  trans- 
2  1  2 

mission  loss  at  the  air/water  interface  does  not  exist,  therefore,  T  ■  1. 

1 

The  radar  range  equation  is  rewritten  for  the  antenna  on  the  water  as  follows: 

P  -  {P  G2r2  X  2exp(-2a  R  )}/(4ir)3R2  (17) 

r  t  sw  B  8  w  22  2 

where  in  equation  (16)  for  the  antenna  on  the  water: 

T  -  1 

1 

T  -  1 

2 

X2  -  X2 

1  w 

X  «  wavelength  in  the  water 

w 
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o'  ■  0 

2 

R2  »  R2 

1  2 

R'  -  0 

2 

Although  the  effect  of  refraction  is  missing,  the  antenna  is  now 
"loaded"  by  the  water  making  it  electrically  longer,  'Hiis  is  similar  to 
focusing  because  the  gain  of  the  antenna  increases  and  the  beamwidth  be¬ 
comes  narrower.  In  programing  the  problem  under  consideration,  when  the 
antenna  is  placed  on  the  water  the  gain  is  kept  the  same  as  when  it  is  in 
the  air.  This  is  interpreted  as  decreasing  the  size  of  the  antenna.  In 
other  words,  if  the  antenna  is  kept  the  same  size  on  the  water  as  it  is  in 
the  air,  the  parameter  of  gain  in  the  computer  program  would  have  to  be  in¬ 
creased.  This  would  in  effect  focus  the  energy,  so  that  focusing  exists 
regardless  of  whether  the  antenna  is  on  or  off  the  water. 

Table  VI  presents  the  depth  at  which  a  salt  water  wedge  can  be  detected 
for  varying  conductivities  of  the  fresh  water  layer  when  the  antenna  is  on 
the  water.  Three  frequencies  are  shown,  10  MHz,  100  MHz  and  500  MHz.  The 
d  (meters)  column  is  subdivided  into  5  colunns  containing  minimum  discernible 
signals  that  vary  from  -80  dBW  to  -160  dBW,  At  10  MHz,  with  a  conductivity 
of  .1  mhos/meter,  a  salt  water  wedge  can  be  detected  approximately  5  meters 
below  the  surface.  If  the  frequency  is  decreased  the  depth  at  which  a  salt 
water  wedge  can  be  detected  is  increased.  Table  VII  gives  the  depth  at  which 
a  salt  water  wedge  can  be  detected  when  the  frequency  li  1,  2,  3,  4  and  5  MHz. 
At  1  MHz,  when  the  conductivity  is  .1  shos/neter,  a  salt  water  wedge  can  be 
detected  Approximately  15  meters  below  the  aurfaoe.  Doubling  the  conductivity 
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TABU  VI 

Dspth,  d(aeters)  ,  at  which  a  salt  watar  layer  can  ba  datactad  when 
a  fresh  water  layer  with  various  values  of  conductivity,  o^  (ehos/eeter) 
is  over  it,  for  frequencies,  f  -  10,  100  &  500  MIz.  The  antenna  is  on 
the  water,  P  -  0  dBW  (  G  ■  8.75  dB. 


f (MHz)  ° ^ (nhos/neter) 


d  (asters) 
MOB  (dBW) 


-80  -100  -120  -140  -160 


•where, 


001 

203 

257 

312 

367 

421 

005 

41 

52 

63 

73 

84 

01 

20 

26 

31 

37 

42 

1 

2.6 

3.3 

4.1 

4.8 

5.5 

0 

.62 

..80 

.99 

1.2 

1.4 

001 

140 

195 

250 

304 

359 

005 

28 

39 

50 

61 

72 

01 

14 

19 

25 

30 

36 

1 

1.4 

1.9 

2.5 

3.0 

3.6 

001 

87 

141 

196 

251 

305 

005 

17 

28 

39 

50 

61 

01 

8.7 

14 

20 

25 

31 

1 

.9 

1.4 

1.9 

2.5 

3.1 

MDS  -  Miniaua  Discernible  Signal  and  varies  tram  -80  to  -160  dBW. 
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TABLE  VII 

Depth,  d(Mtin),  at  which  a  salt  water  layer  can  be  detected  when 
a  fresh  water  layer  with  various  values  of  conductivity,  (shos/eeter) , 
is  over  it,  for  frequencies,  f  •  1,2,3,4.&  5  MHz.  The  antenna  is  on 
the  water,  Pt  •  0  dBW  &  G  ■  8.75  dB. 


f  (MHz) 

a  ^ (ehos/neter) 

d  (esters) 

MDS  (dBW) 

-80 

-100 

-120 

-140 

-160 

1 

.01 

34 

41 

48 

56 

63 

2 

27 

33 

39 

45 

51 

3 

25 

30 

36 

42 

49 

4 

23 

29 

35 

40 

46 

5 

22 

28 

34 

39 

45 

1 

.1 

9 

11 

12 

14 

16 

2 

6 

7 

9 

10 

11 

3 

5 

6 

7 

8 

9 

4 

4 

5 

6 

7 

8 

5 

3.6 

4.5 

5.4 

6.3 

7.2 

1 

.2 

6 

7 

9 

10 

11 

2 

4 

5 

6 

7 

8 

3 

3 

4 

5 

5.5 

6.3 

4 

2.7 

3.4 

4 

4.7 

5.4 

5 

2.4 

3 

3.6 

4.2 

4.8 

Where , 


MDS  -  Minima  Discernible  Signal  md  varies  frea  -80  to  -160  dBW. 
MDS  ■  »r  Is  equation  (17) 
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to  .2  Aot/aeUr  reduces  the  depth  ct  which  a  salt  water  wedge  can  be  detected 
at  this  frequency  to  approximately  10  meters. 

Table  VI  and  VII  are  i^>ortant  because  they  give  the  radar  design  engines 
a  range  of  frequencies  that  a  monocycle  pulse  should  consist  of  to  detect 
a  salt  water  wedge.  For  exasple,  if  the  salt  water  wedge  is  14  smters  below 
a  fresh  water  layer  whose  conductivity  is  .1  nhos/meter  the  frequency  content 
of  the  pulse  should  be  less  than  1  MHz.  Kith  a  transmitter  power  of  0  dBW 
and  an  antenna  gain  of  8.75  dB ,  the  sensitivity  of  the  receiver  must  be  -140 
dBW.  The  radar  engineer  can  also  decide  from  Tables  VI  and  VII  what  band¬ 
width  the  receiver  should  have  so  that  the  return  monocycle  pulse  will  be 
undistorted  and  the  signal  to  noise  ratio  (SNR)  maximized.  For  example, 
if  the  upper  limit  of  the  receive  bandwidth  is  greater  than  the  highest 
frequency  of  the  return  signal,  unwanted  noise  will  enter  the  radar  degrading 
the  SNR.  Assume  that  the  antenna  limits  the  lower  frequency  components  of 
the  transmitted  monocycle  pulse.  If  the  lower  limit  of  the  receiver  is  higher 
than  the  lowest  component  received  it  will  distort  the  return  pulse.  If  it 
is  unnecessarily  lower  than  the  lowest  component  transmitted  more  noise  will 
enter  the  receiver  further  degrading  the  SNR. 

The  computer  model  is  used  to  calculate  the  ratio  of  received  power  to 

transmitted  power.  These  results  are  plotted  in  Figure  6.  In  the  computer 

model  the  height  of  the  radar  above  the  fresh  water  is  15  meters.  The  depth 

of  the  fresh  water  is  10  meters,  the  constitutive  parameters  of  the  fresh 

water  are  o  -  .001  mhos/mster  and  c  ■  80.  The  constitutive  parameters  of 

r 

the  salt  water  are  o  •  4  mhoe/meter  and  cr  -  80.  The  results  in  Figure  6 
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FREQUENCY 


■how  that  tha  frequency  is  increased  from  1  MHz  to  500  MHz  th«  normalized 
received  power  decreases  from  -2.1  dB  to  -65.3  dB.  These  results  show 
that  as  the  frequency  content  of  the  aonocycla  pulse  is  lowered  the  ratio 
of  received  pcwer  to  transmit  power  increases  and  the  depth  at  which  a 
■alt  water  wedge  can  be  detected  increases. 


To  determine  the  effect  of  changes  in  conductivity  and  dielectric 
constant  on  returned  power  using  equation  (16)  without  a  themocline  the 
computer  model  in  Figure  7  is  evaluated  with  the  following  parameters! 

1.  The  radar  height  in  air  above  the  fresh  water  layer  is,  R  >15 

1 

meters.  The  frequency  is  1  MHz  and  the  depth  of  the  fresh  water  is  1  meter. 

2.  The  constitutive  parameters  are: 


(a) 

c 

1 

■  1  0  - 

1 

0  mhos/meter  (air) 

(b) 

c 

■  80  c  ■ 

.001  mhos/meter  (fresh  water) 

2 

2 

(c) 

c 

■  80  0  - 

4  mhos/meter  (fresh  water) 

3  3 

For  these  conditions  the  ratio  of  received  power  to  transmit  power,  P  /P  , 

r  t 

equals  +1.2  dB.  Changing  the  conductivity  of  the  fresh  water  from  .001  to 
.1  mhos/me  ter  results  in  a  ratio  of  received  power  to  transmit  power  of 
-26.1  dB.  The  results  show  that  depth  of  penetration  depends  greatly  on 
the  conductivity  of  the  fresh  water  layer.  To  determine  the  sensitivity 
to  changes  in  dielectric  constant  the  ratio  of  received  power  to  transmit 
power  is  calculated  for  the  following  constitutive  parameters t 


(a) 

c 

■  1  o  >0  mhos/meter 

l 

1 

(b) 

c 

•  80  a  •  .001  mhos/meter 

2 

2 

(c) 

C 

■  74  o  ■  .001  mhos/meter 

3  3 
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For  these  conditions  the  ratio  of  received  power  to  transmit  power  is  -36 

dB.  Changing  e  to  70,  with  o  constant  at  .001  ahos/amter.  the  ratio  of 
3  3 

received  power  to  transmit  power  is  -31.4  dB.  Changing  the  dielectric 

constant  of  the  third  layer  from  74  to  70  results  in  a  diange  of  P  /P  of 

r  t 

4.6  dB.  At  this  time  the  calculations  have  not  been  performed  with  the 
constitutive  parameters  of  the  second  layer  constant  and  only  the  conductivity 
of  the  third  layer  changed.  The  results  show  that  a  monocycle  pulse  can 
detect  minute  changes  in  dielectric  constant  and  is  very  sensitive  to  con¬ 
ductivity. 

3.7  Conclusion 

The  single  frequency  analysis  shows  that  it  is  possible  to  detect  a  salt 
water  wedge  using  an  airborne  monocycle  radar.  The  analysis  shows  that,  in 
the  frequency  range  from  25  MHz  to  500  MHz,  4.42  dB  is  lost  at  the  air/fresh 
water  interface.  This  does  not  present  a  significant  systems  problem.  The 
loss  at  the  thermocline  is  negligible  and  the  surface  is  smooth  for  winds  up 
to  50  knots.  These  results  had  to  be  calculated  because  they  are  not  obvious 
and  it  was  necessary  to  demonstrate  that  they  do  not  seriously  impair  a  mono¬ 
cycle  radar's  operation  in  bathymetry. 

The  modified  range  equation  shows  explicitly  how  the  received  power 
depends  on  the  reflection  coefficient  of  the  desired  interface  and  on  the 
transmission  coefficients  of  the  undesired  interfaoe.  Zt  implicitly  shows 
a  focusing  effect  by  the  absence  of  1/R2  losses  in  the  fresh  water.  Focusing 
becomes  greater  every  time  an  interfaoe  is  penetrated.  This  result  is  im¬ 
portant  because  losses  in  air  (1/R2  losses)  can  be  minimised  by  placing  the 


antenna  close  to  the  air/freah  water  Interface  and  focusing  can  be  taken 
advantage  of.  The  1/R2  losses  are  thereby  minimised  in  the  fresh  water. 

When  the  energy  passes  through  the  interface  in  the  opposite  direction  the 
energy  is  defocused  but  for  the  model  of  air/fresh  water  and  salt  water  being 
analyzed  a  decisive  advantage  is  gained. 


The  results  can  be  extended  to  other  materials  by  changing  the  values 
of  T  ,  o  ,  a*,  T  and  T  in  aquation  (16).  These  parameters  change  because 
they  are  functions  of  the  dielectric  constant  and  conductivity,  which  change 
for  different  materials.  Appendix  B  shows  that  for  dry  earth  80%  of  the 
energy  transmitted  enters  dry  earth,  and  97%  enters  trees.  It  is  shown  in 
Appendix  B  that  it  may  be  feasible  to  detect  fresh  water  under  3.7  km  of 
glacial  ios.  Table  B1  presents  the  ratio  of  received  power  to  transmit  power, 


P  /P  , 
r  t 


for  harmonic  components  of  a  2  ns  monocycle  pulse. 


In  Appendix  C  it  is  shown  neglecting  the  losses  in  calculating  the 
diarsctaristic  impedance  for  a  fresh  water  layer  whose  conductivity  is  less 
than  at  most  equal  to  .01  mhos/meter  is  negligible.  When  the  conductivity 
is  increased  to  .1  nhos/meter  the  error  is  approximately  16%. 
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SECTION  IV 


MONOCYCLE  PULSE  ANALYSIS 


4.1  I  introduction 

A  computer  model  is  developed  to  predict  the  optimum  radar  parameters 
for  a  monocycle  radar  that  detects  a  salt  water  wedge  under  fresh  water  and 
that  can  be  used  in  bathymetry.  It  is  shown  that  the  monocycle  that  is  re¬ 
flected  from  a  salt  water  wedge  has  a  different  shape  than  a  monocycle  that 
is  reflected  from  a  sandy  bottom.  If  the  velocity  of  propagation  is  known 
in  the  fresh  water  the  depth  to  the  salt  water  wedge  or  sandy  bottom  can  be 
determined. 

The  model  is  then  generalized  to  include  m  layers  so  that  other  cases 
of  interest  to  the  Navy  can  be  analyzed.  For  example,  a  thermo cline  in  the 
fresh  water  layer  requires  a  four  layer  model.  A  mine  buried  in  sand  under 
fresh  water  that  has  a  therraocline  requires  a  five  layer  model. 

The  ability  to  locate  and  identify  salt  water  wedges  may  be  important 
for  Anti-Submarine  Warfare  (ASW)  and  mine  warfare.  Remote  measurement  of 
fresh  water  depths  may  be  useful  to  the  Navy  in  bathymetry. 

As  throughout  the  entire  report,  the  MRS  system  of  units  is  used  in  this 
section. 

4.2  Computer  Model 

It  is  assumed  that  a  uniform  plane  electromagnetic  wave  propagates  from 
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*  height  z  -  L  above  the  air/fresh  water  interfaoe.  The  oomplex  propagation 
constant  of  uniform  plane  waves  in  medium  m  ia  denoted  by  k  i 


fc  ■  (jwp  (a  +j«e  J}1^2 

■  n  m  n 

-  SB“Jam  (18> 

where 

it)  ■  2wf,  angular  frequency,  radians /sec 
f  ■  frequency.  Hertz 

«  magnetic  permeability  of  medium  m.  Henry/meter 

a  «  conductivity  of  medium  m,  mhos/meter 
w 

e  *  dielectric  constant  of  medium  m,  Parad/meter 
in 

j  -  £T,  denotes  the  imaginary  part  of  a  complex 

number 


The  real  part  of  the  complex  propagation  constant,  a  ,  causes  attenuation 
as  the  wave  propagates.  The  imaginary  part  of  the  complex  propagation  con¬ 
stant,  &  ,  causes  a  phase  shift  in  the  wave  as  it  propagates.  Zn  general, 
m 

the  real  and  imaginary  part  of  the  propagation  constant  are  no 'c  perpendicular 
to  each  other.  This  gives  rise  to  the  conoept  of  reactive  power  flow.  Drop¬ 
ping  the  subscript  m  for  the  moment  for  convenience  the  real  and  imaginary 
parts  of  the  complex  propagation  constant  aret 


8  -  v/Tv(l/2{/l+lo/vt)2  ♦l})1^2 


(19) 


and 


a  -  w/cuU/2{/l+(o/we)2  -1)}1/2  (20) 

From  aquations  (19)  and  (20)  it  ia  seen  that  the  complex  propagation  con¬ 
stant  is  a  function  of  two  parameters i  2 ^ 

(a)  w/cUi  which  is  the  propagation  constant  of  a 
uniform  plane  wave  with  o  ■  o,  and 

(b)  a/ut,  whit*  is  the  loss  tangent  of  the  medium. 

It  is  the  ratio  of  the  conduction  current,  aE, 

to  the  displacement  current  jiseE,  in  the  dissipative 
medium. 

The  units  of  a,  8  and  hence  k  are  (meter)”1. 

The  reference,  z  ■  O,  it  taken  at  the  air/fresh  water  interface.  The 
transmitter  and  receiver  are  at  height  z  -  L.  The  distance  below  the  inter¬ 
face  is  negative  and  the  salt  water  layer  occurs  at  z  »  -d  meters.  The  salt 
water  layer  is  considered  to  be  infinite  in  depth. 

f 

The  incident  uniform  electromagnetic  plane  wave  in  air  is  denoted  by 
Etl*  Htl>  wher*  the  time  harmonic  dependence,  exp(jwt) ,  is  understood, 

Etl  -  Eto  expt-jkjZ)  (21) 

and 

H  -  H  exp(-Jkr)  (22) 

tl  to  1 
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The  ratio  of  the  amplitudes  of  equations  (21)  to  (22)  rssulta  in  what  is 
called  the  characteristic  wave  impedanos  or  intrinsic  inpedanoa  of  the  medii*. 26 
For  this  report  the  ratio  will  ba  referred  to  as  the  characteristic  wave 
impedance  of  a  uniform  plane  wave*  or  more  succinctly  the  <diaracteristic 
impedance.  Its  ixiits  are  Ohms  and  it  is  defined  by> 

n  -  A  (23) 


where 

n  “  the  characteristic  impedance  of  layer  a.  Ohms 

D 

Taking  the  ratio  of  equations  (22)  to  (21)  and  sii>stituting  equation 
(23),  the  incident  magnetic  field  is  expressed  in  terms  of  the  incident 
electric  field  as : 


where 


H 

to 


1/h  E 
1  to 


(24) 


n  “  the  characteristic  impedance  of  free  spaoe  “ 
1 

377  Ohms 


Since  the  magnetic  field  intensity  vector  is  obtained  by  dividing  the 
electric  field  intensity  vector  by  the  characteristic  impedance,  only  the 
electric  field  intensity  vector  will  be  given.  Depending  on  the  direction 
of  the  flow  of  energy  and  the  mutual  positions  of  tha  electric  field  inten¬ 
sity  vector  and  the  magnetic  field  intensity  mector  a  sign  changa  may  also 
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take  plaoe.  A  normalised  charactariatic  iapedaooe  is  defined  as  tha  ratio 
of  the  characteristic  impedance  of  layer  a  divided  by  tha  diaractariatic 
impedance  of  layer  (a+1) s 


medium  1  is  air,  medium  2  is  fresh  water  and  medium  3  is  salt  water.  Figure 
7  denotes  the  notation  used  in  the  model. 


The  incident  electric  field  intensity  vector  is  given  by  equation  (21). 
The  electric  field  reflected  from  the  air/fresh  water  interface  is  denoted 
by : 

E  -  E  exp(+jk  z)  (29) 

rl  1  1 

Where  E  is  the  amplitude  of  E  at  z  *  o  and  is  related  to  the  reflection 
1  rl 

coefficient  between  the  air/fresh  water  interface.  The  electric  field  pro¬ 
pagating  in  the  fresh  water  is  given  by: 


E  exp(-ik  z) 
2  2 


Where  E  is  the  amplitude  of  E  at  z  »  o  and  is  related  to  one  plus  the 
2  t2 

reflection  coefficient  between  the  air/fresh  water  interface.  The  electric 
field  reflected  from  the  fresh  water/salt  water  interface  is  given  by: 


E  *  E *  exp (+ jk  z)  (31) 

r2  2  2 

Where  E'  is  the  amplitude  of  E  at  z  ■  -d  and  is  related  to  the  reflection 
2  r2 

coefficient  between  the  fresh  water/salt  water  interface.  The  wave  propagating 
in  the  salt  water  is  given  by: 


E  ■  E  exp(-jk  z)  (32) 

t3  3  3 
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( 


where  is  the  amplitude  of  E^  immediately  after  it  is  transmitted  into 
the  salt  water. 


It  can  be  shown  by  using  equations  (21)  throuc^i  (28)  that  the  overall 


reflection  coefficient  in  air  of  the  three  layered  system  is 


r(m)  -  (r  +r  exp(-j2k  d)}/{l+r  r  exp(-2j)c  d)}  (33) 

12  23  2  12  23  2 


where 


d  -  the  depth  of  the  fresh  water,  meters 


T  =  the  reflection  coefficient  at  the  air/fresh 
12 

water  interface 


T  ■  the  reflection  coefficient  of  the  fresh  water/ 
23 

salt  water  interface 


From  equation  (28)  it  13  seen  that 


r  -  (k  -k  )/(k  +k  )  (34) 

12  12  12 


T  «  (k  -k  )/(k  +k  )  (35) 

23  2  3  2  3 

If  it  is  assumed  that  a  pulse  of  form  e  (t)  is  emitted  at  a  height 

t 

z  ■  L  above  the  air/fresh  water  interface,  and  that  E^  (u>)  is  the  Pourier 

transform  of  e  (t) ,  then  E  (w)  is  given  by: 
f  to 


E  (w)  »  E  (w)  exp(-jk  L)  (36) 

to  t  1 
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and  at  :  ■  o  the  electric  field  reflected  from  salt  water  wedge  can  be 
written  ass 


E  (u>)  ■  E  (ui)r(w)  exp(-jk  L)  (37) 

r  t  1 

The  reflected  pulse,  in  the  time  domain,  at  any  height  z  in  the  air  above 
the  fresh  water  interface  is  given  by 


e  (z,t)  -  (l/2s )  /**E  (o> )  T  (ui)  exp{-j(k  L+k  z-u»t)  }dw  (38) 

r  t  1  1 

where  the  inverse  Fourier  transform  was  taken  of  equation  (37)  and  the  delay 

factor  exp(-jk  z)  has  been  added.  Suppose  that  the  pulse  has  a  narrow  spectrum 

where  narrow  is  defined  as  ±  10%  of  the  center  frequency  of  the  monocycle 

pulse,  and  that  over  the  band  T  and  T  can  be  regarded  as  constant.  Then 

12  23 

the  reflected  pulse  is  written 

e  (z,t)  -  (l/2Tr)/a)0+W2  E  (w)  {{T  +r  exp (- j2k  d)  }/ 

r  uo-Aw/2  t  12  23  2 

{l-r  T  exp(-j2k  d) }}expjw{t-(z+L)/C  }dw  (39) 

2123  2  1 


where 


and 


c  -  the  velocity  of  electromagnetic  energy  in  air, 

1 

meters/sec 

To  account  for  multiple  reflection  of  the  single  frequency  waves  that  comprise 
the  monocycle  pulse  within  the  fresh  water  layer,  the  reflection  coefficient 
is  written  as: 

r<u>)  =  (r  +r  exp(-2jk  d))/u-r  r  exp(-j2k,d)) 

12  23  2  21  2  3  2 


=  r  +r  exp(-2jk  d)£°°  (T  T  exp(-2 jk,d) ) m 
12  2  3  2  wo  21  2  3  2 


+£°*  (exp(- j2mk  d) ) (1+r  )T  (1+r  )  (r  T  )  (41) 

12  wl  2  12  23  21  21  23 


I 


f 

- 


The  terms  cam  now  be  interpreted.  The  term  T  is  the  reflection  coef- 

12 

ficient  from  the  air/fresh  water  interface.  The  factor  (1-r  )  is  the  trans- 

12 

mission  coefficient  at  the  air/fresh  water  interface.  The  factor  T  is  the 

23 

reflection  coefficient  at  the  fresh  water/salt  water  interface,  and  the 

factor  1+r  is  the  transmission  coefficient  at  the  fresh  water/air  inter- 
21 

face.  The  factor  exp(-2jk  d)  accounts  for  the  attenuation  and  phase  delay 


2 


of  a  wave  travelling  back  and  forth  one  time  in  the  fresh  water  layer.  Hence, 

the  combination  of  terms  exp(-2jk_d) (1+r  )T  (1+r  )  is  the  net  reflection 

2  12  23  21 

coefficient  of  a  wave  passing  through  the  air/fresh  water  interface,  reflect¬ 
ing  from  the  fresh  water/salt  water  interface  and  passing  through  the  fresh 
water/air  interface.  Successive  terms  in  the  series  multiply  this  combin¬ 
ation  by  exp(-2 jk^d) T  T  .  This  represents  single  frequency  waves  which 
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i  .  '"s  ’ 


have  undergone  multiple  reflection  within  the  fresh  water  layer  before  pass¬ 
ing  out  through  the  fresh  water/air  interface.  Although  mathematically  the 
single  frequency  waves  are  represented  as  undergoing  multiple  reflections, 
it  is  shown  in  Section  4.3  that  a  clearly  defined  monocycle  pulse  is  reflected 
from  each  interface. 

Substituting  equation  (41)  into  equation  (39)  ,  we  have, 

e  (z,t)  *  (l/2ir)/UO+Au>^  E  (ui)  (T  ,  (exp(-2mjk  d))(l+r  )T  (1+r  ) 

r  wo-Aoj/2  t  1 2  m-1  2  12  2  3  2  1 


(r  r  ) 

21  23 


m~l 


expj<i)(t-(z+L)/c^)  )dw 


(42) 


Let 


I 

< 


k,  -  3  -jo 
2  2  2 


Then 

exp(-2mjk_d)  »  exp(-2ma  d)  exp(-2jmfl  d) 
2  2  2 

Also  let 

3  =  'o/ c 

2  2 


(43) 


(44) 


(43) 


where 

*  the  velocity  of  propagation  of  electromagnetic  energy  in  fresh 
water,  meters/sec 
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Then  the  reflected  pulse  is  given  by 


e  (zft)  -  (l/2ir)r  E  (u>)  expju>(t-(z+L)  /c, )  du 

r  12  uo-iui/  2  t  1 

■ni+r  >r  (i+r  )z"  <r  r  ) re_1(i/2w) 

12  2  3  21  tvl  2  1  2  3 

y.ujo+Au)/2  E  (yj eXp(_2road)  (expjoj(t-(z+L)/c  -2znd/c  >du  (46) 

wo-Au>/2  t  12 

If  the  attenuation  can  be  regarded  as  frequency  independent  over  the 

frequency  band  of  the  pulse,  then  we  see  that  the  incident  pulse  gives  rise 

to  a  succession  of  reflected  pulses  of  the  sane  shape  as  the  incident  pulse 

but  phase  shifted,  reduced  in  magnitude  and  delayed  in  time  be  the  amount 

(z+M/c  +2md/c  .  This  result  is  significant  because  it  shows  that,  t.  narrow 
1  2 

band  pulse  is  not  changed  in  shape  by  the  interface  it  is  reflected  from.  It 
is  shown  in  Section  4.3  that  a  broadband  monocycle  pulse  is  changed  in  shape 
by  the  different  layers  from  which  it  is  reflected. 

4.3  Broadband  Monocycle  Pulse 

A  broadband  monocycle  pulse  is  computer  programmed  to  show  that  it  is 
possible  to  distinguish  a  salt  water  wedge  from  a  sandy  bottom.  The  pulse 
reflected  from  the  air/fresh  water  interface  first  appears  on  an  A  scope. 

From  its  time  of  arrival  the  pilot  knows  how  high  he  is  above  the  fresh 
water.  The  next  pulse  to  appear  on  the  scope  is  either  the  one  reflected 
from  the  salt  water  wedge  or  the  sandy  bottom.  It  is  shown  that  these  two 
pulses  differ  drastically  in  shape  and,  henoe,  one  can  identify  whether  the 
monocycle  has  been  reflected  from  salt  water  or  a  sandy  bottom.  By  approx  - 
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imatinq  the  velocity  of  propagation  in  the  fresh  water  layer  the  depth  of 
the  salt  water  wedge  and  sandy  bottom  can  also  be  determined. 

The  incident  pulse  is  of  the  form 

Asin2 (fft/T) ,  o<t>f  (47) 

e  (t)  - 

o  ,  t<o,t>r  (48) 

The  magnitude  of  the  normalized  pulse  in  Volts/meter  is  plotted  in  Figure 
8.  The  width  of  the  pulse  at  its  base  is  10  ns.  It  can  be  shown  that  the 
Fourier  transform  of  the  incident  pulse  is 

■fOD  —  iu)t 

E  (io)  =  /  e  (t)e  dt 
t  t 

=  -A(2tt/t)  2exp(-ju>T/2)  {sin(u>t/2}/ 

w{ui2-(2w/t)  2}  (49) 

The  power  spectrum  of  the  reflected  pulse  is  given  by« 

P  (u>)  -  |E  (u>)  |  2  |  T  (u»)  |2  (50) 

r  t 

Where  E  (u)  is  given  by  equation  (49)  and  Hoa)  is  given  by  equation  (41). 
t 

The  reflected  pulse  is 

i(jt 

e  (t)  *  l/2n/_0.  E  (m)  r  (to)  e  du> 
r  t 


(51) 


TRANSMITTED  or  INCIDENT 


To  utilize  equation  (51)  in  the  computer  model,  it  ia  written  as  a 


discrete  Fourier  transform: 


N/2 

e  (KAt)  -  (Af/2F  )l  ,  E.  (u>  )  T (u>  ) exp( j2*nkAt/t  ) 
t  max  n— N/2  t  n  n  max 


k  *  0,1,*»»,N-1  (52) 


where 


(j) 

n 

F 

max 

T 

max 


2irnAf,  angular  frequency,  radians 
(N/2 ) Af ,  units  Hertz 
NAt,  ns 


In  using  the  Fast  Fourier  Transform  ( FFT)  to  evaluate  equation  (52) ,  after 
Nyqxiist,  27  N  is  chosen  to  be  a  power  of  2  large  enough  so  that  the 
s amp 1 in g  rate  is  at  least  twice  as  high  as  the  largest  significant  frequency 
in  the  power  spectrum  in  order  to  avoid  the  aliasing  problem.28 

i 

I 

Equation  (52)  is  computer  programmed  and  the  results  of  transmitting 
pulses  through  different  materials  is  analyzed  by  its  evaluation.  The 
computer  model  represents  three  layers.  They  are  air,  fresh  water  and  salt 
water.  For  a  comparison  of  pulses  reflected  from  different  materials,  the 
salt  water  layer  is  changed  to  wet  sand.  The  constitutive  parameters  of  wet 
sand  are  approximated  to  be  e  »  30  and  a  *  .03  mhos/meter. 28  The  transmitted 
pulse,  shown  in  Figure  8  i3  reflected  from  the  air/fresh  water  interface. 

Figure  9  is  a  plot  of  the  reflected  pulse.  The  maximum  amplitude  of  the 

pulse  is  .79  Volts/meter  for  a  normalized  incident  amplitude  of  1  Volt/meter.  Its 
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Figure  9.  Monocycle  pulse  reflected  from  an  air/fresh  water  interface  vs.  time 


width  is  equal  to  the  width  of  the  transmitted  pulse.  This  is  to  be 
expected  sinoe  air  is  not  a  dispersive  medium.  It  has  a  slight  undershoot 
not  present  in  the  transmitted  pulse.  This  undershoot  is  significant  be* 
cause  it  identifies  the  pulse  as  reflected  from  fresh  water. 

The  pulse  then  propagates  through  the  fresh  water  and  is  reflected  from 
the  fresh  water/salt  water  interface  or  the  fresh  water/wet  sand  interface. 
Fiqure  10  is  a  plot  of  the  pulse  reflected  from  a  salt  water  wedge.  It  has 
an  amplitude  of  .22  Volts  and  a  6  dB  width  of  4  ns  compared  to  1  Volt  and 
3.5  ns  for  the  incident  pulse.  The  pulse  seems  raised  as  if  on  a  pedestal 
with  the  leading  edge  approaching  zero  faster  than  the  trailing  edge.  The 
base  of  the  pulse  is  approximately  3  times  greater  than  that  of  the  trans¬ 
mitted  polsfe.  There  is  no  difficulty  in  identifying  which  pulse  is  reflected 
from  fresh  watdr  and  which  one  is  reflected  from  salt  water.  >'t  nor  ret i  ins 
to  be  proven  by  experimentation.  A  further  computer  search  iir  which  tonmoii 
materials  such  as  mud,  and  other  types  of  bottoms  might  also  be  a  useful 
excercise . 

In  the  model  the  depth  of  the  fresh  water  is  5  meters.  The  peaJc  of  the 
reflected  pulse  occurs  at  303.6  ns.  Scaling  the  velocity  of  propagation  by 
the  square  root  of  the  dielectric  constant  and  dividing  by  two  gives  the 
time  the  pulse  is  reflected  from  the  salt  water  wedge.  The  difference  be¬ 
tween  the  calculated  time  and  the  time  obtained  from  the  computer  model  is 
.31  ns,  a  1.9%  error. 

Figure  11  is  a  plot  of  the  pulse  reflected  from  wet  sand.  It  has  an 
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Figure  lo.  ’'lonocycle  pulse  reflected  from  a  salt  water/fresh  water  interface  vs.  time 


Fiqure  11.  lonocycle  pulse  reflected  from  a  fresh  water^et  sand  Interface  vs«  time. 


amplitude  of  .057  Volts  with  an  undershoot  that  has  an  amplitude  of  .024 
Volts.  The  "main  lobe"  has  a  6  dB  width  of  3  ns  but  the  base  of  the  pulse 
is  spread  out  approximately  4  times  greater  them  the  transmitted  pulse. 

The  large  difference  between  the  pulse  shapes  show  it  is  feasible  to  determine 
what  the  second  layer  is  by  examining  the  return  pulse.  This  is  provided 
there  are  no  reflections  from  nearby  targets  (within  depth  range)  to  clutter 
the  main  interface  return  as  may  occur  near  structures  and  breakvaters. 

The  computer  program  was  modified  so  that  it  graphically  presents  the  data. 

In  the  computer  model,  it  is  assixned  that  a  plane  wave  is  incident  on  the 

boundaries,  (i.e.  the  monocycle  radar  antenna  is  at  infinity),  and  that  the 

incident  pulse  has  field  strength  of  1  Volt/raeter.  The  depth  of  the  fresh 

water  layer  is  5  meters  and  the  pulsewidth  is  10  ns.  The  computer  plot  in 

Figure  12  presents  the  pulse  reflected  from  the  air/fresh  water  interface.. 

As  expected  its  amplitude  is  .79  Volt/meter.  The  fresh  wi.ter/sand  interface 

is  presented  in  the  same  graph.  Its  amplitude  is  .06  Volt/meter.  The 

propagation  time  is  approximately  304  ns.  The  constitutive  parameters  of 

the  fresh  water  are:  e  ■  80,  o  ■  .001  mhos/meter.  The  constitutive 

fw  fw 

parameters  of  the  salt  water  are  kept  constant  throughout  the  computer  runs 

and  are:  e  -  80,  a  -  4  mhos/meter.  The  computer  plot  for  a  monocycle 
sw  sw 

pulse  reflected  from  salt  water  is  presented  in  Figure  13.  The  pulse  reflected 
from  the  air/fresh  water  interface  is  .79  Volt/meter.  The  pulse  reflected 
from  the  fresh  water/salt  water  interface  has  an  amplitude  of  .23  Volt/meter. 
The  time  of  propagation  is  304  ns.  Although  the  computer  plot  is  "rough", 
the  marked  difference  between  the  return  pulse  from  wet  sand  compared  to  the 
pulse  returned  from  salt  water  is  still  apparent. 
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The  computer  model  was  then  modified  so  that  the  antenna  is  on  the  water. 
A  100  ns  pulse  is  transmitted  and  it  is  assumed  that  it  is  1  Volt/meter  at 
the  surface  of  the  water.  The  depth  to  the  salt  water  layer  is,  as  before, 

5  meters.  The  data  used  for  the  constitutive  parameters  is  for  the  West 
Gotland  Basin.  The  salinity  varies  with  temperature  in  the  basin  and  four 
values  were  used.  Figure  14  shows  that  the  pulse  reflected  from  the  salt 
water  has  an  amplitude  of  .4  mV/meter,  the  conductivity  is  .8  mhos/meter 
or  the  salinity  in  the  West  Gotland  Basin  is  7.5  ppt  for  a  temperature  of 
T  »  5°C.  When  the  temperature  in  the  basin  increases  to  10°C  for  a  salinity 
of  75  ppt,  the  conductivity  is  .92  mhos/meter.  The  amplitude  of  the  pulse 
reflected  from  the  salt  water  is  .35  mV/meter  (See  Figure  15).  For  T  *  5*C 
and  a  salinity  of  10  ppt  in  the  basin,  the  conductivity  is  1.06  rahos/meter. 

The  amplitude  of  the  pulse  reflected  from  the  salt  water  is  .32  trV /meter  (See 
Figure  16) .  Increasing  the  temperature  to  T  -  10“C  for  a  salinity  of  10  ppt 
results  in  a  conductivity  of  1.2  mhos/meter.  Figure  17  shows  that  the  pulse 
reflected  from  the  salt  water  wedge  has  an  amplitude  of  .28  mV /meter.  All  of 
the  results  for  the  West  Gotland  Basin  are  for  a  1  Volt/meter,  100  ns  pulse 
that  is  transmitted  from  an  antenna  on  the  surface  of  the  "fresh  water".  The 
pulse  propagates  through  5  meters  of  water  in  the  basin,  is  reflected  from  a 
salt  water  wedge  and  returns  to  the  antenna. 

The  increase  in  conductivity  delayed  the  return  of  the  pulse.  For 
example,  when  the  conductivity  is  .001  mhos/met ex,  the  total  propagation 
time  is  304  ns.  Increasing  the  conductivity  to  .8  mhos/meter,  increased 
the  propagation  time  to  16  us.  The  propagation  time  ,s  increased  by  a 
factor  of  53.  Increasing  the  conductivity  to  1.06  mhos/meter,  increased  the 
propagation  time  to  20  us,  a 
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factor  of  67  and  an  increase  in  conductivity  to  1.2  mhos/meter  increased  the 
propagation  time  by  80. 

The  results  are  of  great  significance.  First  they  show  that  the  return 
from  a  salt  water  wedge  in  the  West  Gotland  basin  is  of  the  order  of  ttilli  Vol'/ 
meter  and  secorfd  the  delay  due  to  the  conductivity,  which  ccn  be  as  high  as  i: 
factor  of  80  over  air  must  be  accounted  for  to  properly  ranqe  gate  the 
signal.  The  -reason  for  the  increase  in  propagation  time  is  the  conductivity  . 
dominates  the  dielectric  constant  when  computing  the  propagation  constant,  8. 

4.4  A  Generalized  Computer  Model  For  m+1  Layers 

The  general  reflection  coefficient  for  a  system  of  m+1  parallel  plane 
layers  is  deverloped  to  account  for  the  thermocline  which  represents  a  fourth 
layer  and  irf  Case  two  thermoclines  or  other  possible  variations  such  as 
air/fresh  watehr  interface,  thermocline,  fresh  wr.ter/sand  interface  and  sand/ 
mine  interfaces  are  eventually  evaluated.  Figure  18  shows  the  notation  used 
for  a  system  of  m+1  parallel  plane  layers. 

The  generalized  overall  reflection  coefficient  is  written  in  a  closed  form 
expressed  in  continued  fractions.  The  method  is  discussed  shortly.  The  reflection 
coefficient  is: 

I-(w)  -  1/T  +{1-(1/T  2 )  } exp ( j 2k  d  )//(l/r  )exp(j2k  d  ) 

12  12  2z  2  12  2z  2 

+  1/T  +  l-(l/r  2)  exp(j2k  (d  -d  ))//(l/r  )exp(j2k  (d  -d  )) 

23  23  3Z  32  23  3z32 

♦  •••♦1/T  + 

(m-l)m 
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where 


(59) 

(60) 

(61) 

(62) 

(63) 


The  method  can  be  continued  for  any  number  of  layers.  For  a  the rmoc line  in  a 
fresh  water  layer  over  a  salt  water  wedge,  equation  (63)  is  substituted  into 
equation  (52). 

4.5  Conclusion 

It  is  feasible  to  detect  and  identify  a  salt  water  wedge  using  a  broadband 
monocycle  pulse.  The  analysis  demonstrates  that,  if  a  narrow  band  pulse  is  used 
to  detect  a  salt  water  wedge,  the  reflected  pulse  will  be  the  same  shape  as  the 
transmitted  pulse.  It  is  therefore  not  possible  to  identify  what  the  pulse  is 
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reflected  from 


When  a  broadband  pulse  is  transmitted  it  la  possible  to  distinguish  be¬ 
tween  the  transmitted  pulse  and  the  pulses  reflected  from  the  air/fresh  water 
and  fresh  water/salt  water  interfaces.  It  is  also  possible  to  tell  if  the 
salt  water  is  not  present  and  if  the  pulse  is  reflected  froai  wet  sand  beneath 
the  fresh  water  layer. 

The  pulse  reflected  from  the  air/fresh  water  interface  is  similar  in 
shape  to  the  transmitted  pulse  except  for  an  undershoot.  The  pulse  reflected 
from  the  salt  water  interface  is  different  from  the  transmitted  pulse.  Its 
base  width  is  elongated  at  least  3  pulse  widths.  A  pulse  reflected  from  wet 
sand  has  a  negative  undershoot  not  present  in  the  pulse  reflected  from  salt 
water. 


The  computer  model,  modified  to  simulate  the  temperatures  and  salinities 
of  the  West  Gotland  Basin  showed  that,  for  a  100  ns  pulse  propagating  through 
5  meters  of  water  with  conductivities  of  1.2  rahos/meter,  .28  mV /me ter  returned 
to  a  monocycle  radar  antenna  on  the  surface  of  the  water.  The  model 
also  showed  that  when  the  conduction  current  dominates  the  displacement  current 
delays  in  propagation  as  high  as  80  can  be  expected. 

These  results  are  significant  because  they  show  that  this  method  is  applicable 
to  detection  and  identification  of  salt  water  wedges  beneath  fresh  surface  waters. 
They  also  present  a  rapid  remote  method  for  use  in  bathymetry. 


SECTION  V 


TYPICAL  fONOCYCLE  RADAR  DESIGN  PARAMETERS 

5 . 1  Introduct ion 

The  preceedi ng  analysis  of  electromagnetic  energy  propagating  through 
and  reflecting  from  dissipative  media  has  led  to  the  following  typical  desing 
of  an  airborne  monocycle  radar  for  use  near-shore  in  bathymetry  am  detection 
and  identification  of  salt  water  wedges. 

5.2  An  term  cs 

Figure  19  is  a  block  diagram  depicting  the  various  components  or.  a 
systems  level  of  the  monocycle  radar.  It  consists  of  a  transmit/receive 
antenna  that  is  in  general  a  broadband  loaded  dipole,  or  travelling  wave 
antenna.  Several  configurations  are  presented  in  Figure  20.  They  are 
travelling  wave  antennas,  and  a  loaded  dipole.  The  termination  on  tho 
travelling  wave  antenna  shown  in  Figure  20a  absorbs  reflections  from  the 
raonocycle  pulse  reducing  ringing  To  the  input  it  seems  as  though  the  energy 
travels  down  a  semi-infinite  line.  The  travelling  wave  antenna  is,  by 
nature  of  its  construction,  suited  for  monocycle  transmission.  Monocycle 
operation  can  be  improved  somewhat  by  using  the  travelling  wave  antenna 
shown  in  Figure  20b.  Widening  the  elements  improve  the  impedance  match  over 
the  bandwidth  of  the  monocycle.  Typical  radiation  patterns  for  a  single 
frequency  travelling  wave  antenna  similar  to  the  one  shown  in  Figure  20a 
are  shown  in  Figure  21. 30  The  monocycle  patterns  are  broader  but  have  the 
same  general  shape.  The  patterns  for  a  travelling  wave  antenna  are  tilted 
forward  and  have  higher  directivity  than  an  equivalent  length  standing  wave 
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Figure  19.  A  block  diagram  of  typical  monocycle  radar 
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Figure  21.  Radiation  patterns  of  a  travelling  wave  antenna.,  30 


antenna.  A  variation  of  the  travelling  wave  antenna  is  shown  in  Figure  14c. 

It  is  essentially  a  broadband  folded  dipole.  The  radiation  pattern  of  this 
antenna  does  not  "squint"  like  the  travelling  wave  antenna. 

If  the  conductivity  of  the  fresh  water  layer  is  less  than,  at  most  equal 
to,  .01  mhos/meter,  the  width  of  the  nonocycle  pulse  can  be  of  the  order  of 
a  nanosecond.  For  this  case,  it  is  more  efficient  to  radiate  a  single  lobe 
and  direct  to  radiate  all  of  the  energy  towards  the  target.  The  TEM  antenna31 
shown  in  Figure  22  can  be  used  to  feed  a  parabolic  dish  increasing  its  pre¬ 
sent  gain  of  6  dB32  (see  Appendix  D)  to  approximately  32  dB. 

If  the  conductivity  is  increased  above  .1  mhos/mater  monocycle  pulses 
of  the  order  of  microseconds  must  be  used.  For  this  case,  TEM  horns  and 
parabolic  dishes  become  impractical.  It  has  been  shown33  that  a  Gaussian 
pulse  on  a  straight  wire  antenna  radiates  at  the  discontinuities.  That  is, 
it  radiates  at  the  input  to  the  antenna  and  then  again  at  the  end  of  the 
antenna.  To  efficiently  radiate  a  monocycle  pulse  the  conductor  should  be 
long  enough  to  support  the  length  of  the  pulse  when  it  is  radiated  at  the 
input.  The  pulse  that  is  radiated  at  the  end  of  the  antenna  is  usually  not 
wanted  and  is  absorbed  by  resistors  or  other  dissipative  material.  To 
efficiently  radiate  a  .1  ps  pulse  the  antenna,  if  it  is  airborne,  would  be 
30.5  m  (100  ft)  long.  However,  as  discussed  in  Section  3.6,  if  the  antenna 
is  placed  on  the  water  it  can  be  reduced  in  size  by  a  factor  somewhere  be¬ 
tween  9  and  50  depending  on  the  conductivity  of  the  water.  If  it  is  essential 
that  the  antenna  remain  airborne,  the  antenna  can  be  reduced  at  the  expense 
of  antenna  efficiency.  Using  a  slow  wave  antenna  such  as  a  spiral  is  another 
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alternative  for  reducing  the  size. 

The  techniques  used  to  design  single  frequency  broadband  antennae  do 
not  always  apply  to  designing  antennas  to  radiate  monocycle  pulses.  For 
example,  "•••  the  concept  of  optimizing  gain-aperture  product  and  {showing} 
that  this  criterion  is  of  value  for  antennas  designed  to  operate  over  a 
large  bandwidth,  •••  does  not  generally  lead  to  antennas  capable  of  radiaLing 
picosecond  pulses  on  an  instantaneous  basis". 3,5 

5.3  Xmit/RCV  Network 

The  trrnsmit/receive  network  consists  of  a  device  that  protects  the 
FET  preamplifier  in  the  receive  network.  There  are  many  forms  of  the  transmit/ 
receive  (T/R)  section.  They  must  be  fast  enough  and  sensitive  enough  so 
that  they  do  not  degrade  the  receive  signal  or  tho  performances  of  the  FEY. 

Por  the  ranges 'here,  recovery  time  must  be  extremely  short  following  ten»i- 
natlon  of  the  transmit  pul so. 

If  high  power  is  transmitted  the  breakdown  rating  of  the  T/R  section 
may  be  exceeded.  For  this  case  separate  transmit  and  receive  antennas  are 
used.  Hie  receiver  can  then  be  protected  by  sufficiently  separating  the 
antennas  or  by  gating  the  receive  channel  off  when  the  transmit  pulse  is 
radiated. 

5.4  FET  Preamplifier  and  Bandpass  Filter 

The  FET  preamplifier  is  the  receiver's  front  end.  It  must  be  a  low  noise 
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device  with  sufficient  gain  to  overcone  the  noise  produced  by  the  succeeding 
portions  of  the  receiver.  FET's  have  a  high  input  impedance  end  can  be 


found  with  noise  figures  of  1  dB,  and  greatly  simplify  the  design  of  excellent* 
broadband  receivers  of  the  type  required  in  this  application. 

A  bandpass  filter  follows  the  FET  preamp  to  reduce  noise  and  increcse 
the  sensitivity  of  the  receive  channel.  The  narrower  the  bandwidth  the 
greater  the  sensitivity.  The  bandwidth  of  commercial  sampling  oscilloscopes  • 
cam  be  as  large  as  12  GHz.  The  antenna  size  limits  the  lowest  spectral 
component  of  the  monocycle  pulse.  The  conductivity  of  the  fresh  water 
limits  the  highest  spectral  consonant  of  the  monocycle  pulse. 

At  this  time  the  inverse  Fourier  tramsform  of  the  monocycle  pulse  reflected 
from  the  salt  water  wedge  and  sandy  bottom  has  not  been  calculated.  Th-. 
frequency  Content  of  the  reflected  monocycles  is  not  known.  It  is  not  possible 
to  accurately  chose  the  center  frequency  and  bandwidth  of  the  transmitted 
monocycle  or  the  bandpass  filter.  If  it  is  assumsd  that  the  fresh  water 
layer  ham  a  .low  conductivity  of  .02  mhos/meter,  then  a  monocycle  pulse  whose 
width  is  10  ns  may  be  used.  One  over  this  pulse  width  yields  the  highest 
frequency  component  of  the  pulse  as  100  MHz.  The  bandwidth  is  the  0-100  MHz, 
but  it  is  inpossible  to  radiate  0  Hz  and  the  antenna  acts  as  a  high  pass 
filter.  A  travelling  wave  antenna  as  shown  is  Figure  14b  will  be  approximately 
3  meters  long.  The  highest  frequency  component  of  the  pulse  will  penetrate 
13  meters;  the  lower  frequencies  will  penetrate  further.  The  minimum  depth 
at  which  a  salt  water  wedge  can  be  detected  using  a  monocycle  radar  15  meters 
above  a  fresh  water  layer  whose  constitutive  parameters  are  c  -  80  and 
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a  -  .02  mhos /meter  is  13  meters.  If  the  broadband  folded  dipole  in  Figure 

20c  is  used,  the  airborne  antenna  will  be  approximately  6  meters.  If  a  25% 

bandwidth  is  assnsd,  the  bandpass  filter  will  be  25  MBs.  The  MDS  of  the 

radar  is  assumed  to  be  -120  dBW,  p  i  10  dBW  (10  Watts),  and  the  antenna 

t 

gain,  G,  equals  0  dB.  The  dynamic  range  is  130  dB.  Cook  35  states,  "No 
radar  appears  feasible  with  a  dynamic  range  (Performance  Figure)  exceeding 
some  280  decibels.  Present  equipment  is  still  far  from  this  limit."  The 
dynamic  range  of  130  dB  used  is  conservative  compared  to  280  dB.  Abov.  .'-0 
MHz  atmospheric  noise  becomes  negligible  and  the  theoretical  MDS,  KTB,  equals 
204  dB  below  one  Joule.  In  a  25  MHz  bandw  Jth  the  MDS  is  -130  dBW. 

If  seme  ringing  of  the  transmitted  pulse  is  permissible,  it  is  expected 
that  the  antenna  can  be  reduced  in  size.  Moffatt  3®  uses  an  8.5  meter 
antenna  to  radiate  a  45  ns  pulse.  The  antenna  is  approximately  half  i. 
pulsewidth .  Morey  37  uses  a  .3  meter  antenna  to  radiate  a  3  ns  pulse.  The 
antenna  is  approximately  one  third  the  pulsewidth. 

Summarizing  the  results  for  the  assumptions  made  above,  the  bandpass 
filter  will  be  75  MHz  to  100  MHz  with  a  center  frequency  of  87.5  MHz.  The 
depth  of  penetration  through  a  fresh  water  layer  with  the  constitutive 

parameters  of  e  >80  and  a  -  .02  nftios/meter  will  be  a  minimum  of  13  meters. 

2  2 

The  antenna,  a  folded  dipole,  will  be  6  meters  but  may  be  reduced  to  2  -  3 
meters  probably  at  the  expense  of  efficiency.  This  will  be  determined  by 
experimentation.  The  bandwidth  of  operation  is  25%. 

If  it  is  assumed  that  the  fresh  water  has  a  high  conductivity  of  1  mho/ 
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meter,  the  monocycle  pulsewidth  will  be  increased  to  1  us.  The  antenna 
will  have  to  be  placed  cn  the  water,  as  discussed  in  Section  3.6,  to  avoid 
the  energy  lost  due  to  reflection  at  the  air/water  interface  and  to  take 
advantage  of  the  loading  of  the  water.  The  length  of  the  antenna  in  air 
would  have  to  be  305  meters  to  support  the  pulse.  A  folded  dipole  will  be 
twice  that  or  610  meters.  The  high  conductivity  will  load  the  rnttnni.  by 
approximately  a  factor  of  50  reducing  the  length  to  12  meters,  ‘rue  rocultr 
obtained  from  the  computer  model  of  the  West  Gotland  Basin  showod  that  fo>:  f. 
conductivity  of  1.2  mhos/meter  the  loading  factor  on  the  antenna  may  be  as 
high  as  80.  It  may  be  possible  to  reduce  the  antenna's  size  after  Moffatt36 
and  Morey,37  to  6  or  4  meters.  As  stated  in  Section  3.5,  the  concept  of 
lording  by  a  factor  of  50  or  80  remains  to  be  proven,  the  efficiency  of  a 
-  folded  dipole  4,  6  or  12  meters  long  radiating  a  1  us  pulse  muni  b-  determined 
by  experimentation.  The  highest  frequency  component  of  the  1  us  pvlse  is  1 
MHz.'  It- will  penetrate  5  meters;  the  lower  components  will  penetrate  further. 
The  minimum  depth  at  which  a  salt  water  wedge  can  be  detected  using  a  monocycle 
radar  with  its  antenna  on  the  "fresh"  water  whose  constitutive  parameters 

are  c  >80  and  o  ■  1  mhos/meter  is  5  meters.  If  a  25%  bandwidth  is  assuawd, 

2 

the  bandpass  filter  will  be  .25  MHz.  As  explained  in  Section  3.1,  the  MDS 

of  the  radar  is  assumed  to  be  -90  dBW,  P^>  30dBW  (Ik  Watt)  and  the  an  tonne. 

gain,  G,  equals  OdB.  If  the  antenna  gain  is  -lOdB,  P  will  be  increased  to 

t 

40  dBW  (10k  Watt).  The  noise  floor  of  the  10  k  Watt  transmitter  will  have 
to  be  less  than  at  most  equal  to  -90  dBW. 

Summarizing  the  results  for  the  assumptions  made  when  the  conductivity  of 
the  fresh  water  layer  is  1  mho/meter,  the  bandpass  filter  will  be  .75  MHz  to 


1  MHz  with  a  center  frequency  of  .875  MHz.  Hie  antenna  of  the  monocycle 
radar  will  have  to  be  on  the  water  and  the  miniaua  depth  of  which  a  salt 
water  wedge  can  be  detected  is  5  meters.  The  minions*  depth  of  5  meters 
is  obtained  from  the  computer  data  presented  in  Figures  14  thru  17. 


5.5  Sample  and  Hold  Circuits 

The  sample  and  hold  (SAH)  circuit  in  the  block  diagram  of  the  monocycle 
radar  represents  a  special  class  of  SAH  circuits  that  are  conaercially 
available.  To  obtain  the  speed  necessary  to  sample  each  pulse  individually 
the  SAH  circuits  will  probably  use  hot  carrier  diodes. 

5.6  Integrator 

After  the  analog  data  has  been  digitized  integration  is  simply  an  incoherent 
sunmation  of  data  values.  Schematically  the  integration  is  shown  in  Figure 
23. 38  Setting  =  1  integrates  E^.  If  is  made  less  than  unity  an 
exponential  decay  results  similar  to  the  response  of  an  R  C  integrator. 

The  signal  must  be  processed  so  that  it  is  not  bipolar.  This  is  dons  at 
the  expense  of  information  contained  in  the  pulse.  Such  an  integrator  is 
applicable  only  to  case  where  input  SNR's  are  >0  dB.  If  necessary  additional 
amplification  will  take  place  after  the  A/D  converter. 

5 . 7  Microprocessor 

The  Microprocessor  will  analyze  the  return  monocycle  pulses  that  are 
backscattered  from  boundaries  with  varying  a,  e  and/or  u.  The  analysis  will 
consist  of  an  autocorrelation  of  the  backscattered  signal  with  anticipated 
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Figure  23.  Integrator 
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monocycle  shapes  from  salt  water  wedges  and  different  types  of  estuarian 
bottoms.  The  anticipated  shapes  will  be  either  calculated  or  measured 
and  stored  in  peripheral  equipment.  If  the  volume  of  data  and  or  comparisons 
or  autocorrelations  that  must  be  made  becomes  too  large  a  mini-computer  will 
be  used. 

5.8  Conclusion 

A  monocycle  radar  which  it  is  expected  can  detect  and  identify  salt  water 
wedges  in  estuaries  and  be  used  in  bathymetry  has  been  described  in  a  general 
sense.  The  transmit  section  consists  of  a  trigger  generator  and  a  monocycle 
pulse  generator  that  will  transmit  nanosecond  or  microsecond  pulses,  depending 
on  the  conductivity  of  the  fresh  water  layer.  Common  to  both  the  transmit 
and  receive  sections  are  the  T/R  network  which  protects  the  receiver  from 
the  transmitted  monocycle  pulse  and  a  T/R  dipole  antenna.  The  receive 
section  consists  of  an  FET  preamplifier,  a  bandpass  filter,  SAH  circuit  and 
amplifier,  an  A/D  converter,  an  integrator  and  a  microprocessor. 

The  bandpass  filter  follows  the  FET  preamplifier  to  reduce  noise  and  in¬ 
crease  the  sensitivity  of  the  receive  channel.  Advances  in  switching 
technology  permits  picosecond  pulses  to  accurately  sample  and  reproduce  a 
single  nanosecond  pulse.  This  permits  incoherent  envelope  integration  of 
a  train  of  monocycle  pulses  inproving  system  operation  at  the  expense  of 
phase  information. 

A  possible  design  configuration  of  a  TEM  horn  feeding  a  parabolic  dish  is 
described  that  may  be  useful  where  1  nanosecond  pulses  can  penetrate  the 


water*  i.e.  when  the  conductivity  is  less  than  .01  mhos /me ter 


A  specific  example  of  center  frequency,  bandwidth,  pulsewidth,  transmitted 
power  and  MDS  has  been  given  for  an  airborne  monocycle  radar  15  meters  above 
a  fresh  water  layer  whose  conductivity  is  .02  mhos/meter.  Another  specific 
example  is  given  for  a  mono cycle  radar  whose  antenna  is  on  fresh  water 
whose  conductivity  is  1  mho/meter .  The  same  parameters  or  specified  for 
the  airborne  case  are  given. 

It  is  expected  that  for  the  airborne  case  the  antenna  will  be  less  than 
6  meters  and  that  it  will  be  possible  to  detect  a  salt  water  wedge  greater 
than  13  meters  below  fresh  water  whose  conductivity  is  .02  mhos/oater.  For 
the  case  with  the  antenna  on  the  water,  it  ic  expected  that  the  entente, 
will  be  less  than  12  meters  long  and  that  it  will  be  possible  to  detect  a 
salt  water  wedge  5  meters  beneath  a  fresh  water  layer  whose  conductivity  is 
1  mho/meter.  It  will  take  experimentation  and  further  computer  analysis  and 
design  to  prove  these  results. 


APPENDIX  A 


UNITS  OP  THE  CONDUCTIVITY  EQUATION 

The  loss  tangent  or  power  factor  Is  defined  as  the  ratio  of  the  conduction 
current  to  the  displacement  current i 

tan 5  -  oK/tneE  (Al) 


where 


o 

u 


f 


e 

e 

r 

e 

o 


6 


the  conductivity,  mhos/meter 

2» f,  angular  frequency,  radian/sec 

frequency.  Hertz 

e  e  Farads/meter 
r  o 

the  relative  dielectric  constant  of  the  materiel 
8.854  xio”12.  Farads/meter 

The  angle  between  the  conduction  current  and  the  displacement 
current,  degrees 


Prom  equation  (Al)  it  is  seen  that 


a  ■  me  tanS 


(A2) 


Subsituting  c  ■  e  e  and  w  *  2irf  into  equation  A2 
r  o 


we  have 

a  -  2irf  e  e  tan <5 
r  o 


(A3) 
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and 


O  -  2irf  c  8. 

r 

-  55.63x10“ 

-  f  c  tan<5 

r 

■  f  c  tan <5 
r 


854x10” 12  tan£ 

12  f  c  tanS 
r 

/  .0179xl0+12 
/  1.79xl0~10  ah os /meter 
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APPENDIX  B 


A  MONOCYCLE  RADAR  USED  IN  OTHER  DISSIPATIVE  MEDIA 

By  changing  the  value  of  dielectric  constant  and  conductivity  in  the 
computer  model,  the  depth  of  penetration  of  a  monocycle  into  other  materials 
can  be  determined.  If  the  material  is  changed  to  earth, glacial  ice  or  treer 
a  much  larger  portion  of  the  energy  enters  the  layer.  This  is  becauso  the 
relative  dielectric  constant  of  these  materials  is  less  than  that  of  water. 
The  relative  dielectric  constant  of  dry  earth  is  7.  The  power  reflected 
from  dry  earth  is 


P  -  P  { <*/7^I)/</m')}2  -  10kW{.20>  -  2kW  (Bl) 

ae  t 


where  it  is  assumed  the  transmitted  power,  P  *10  kW. 

t 


For  the  case  of  dry  earth, 80*  of  the  power  in  the  energy  in  the  monocycle 
pulse  enters  the  earth.  If  the  medium  is  glacial  ice  instead  of  dry  earth, 

92*  of  the  energy  in  the  monocycle  pulse  enters.  In  a  manner  similar  to 
equation  Bl  the  reflected  power  is  calculated: 


P  -  P  { </3.2-l)/(/3.2+l) }2  -  10kW( .08)  -  ,8kW 
ai  t 

(B2) 

where  e  -  3.2  and  o  •  .2xl0-6  mhos/meter, 
r 


If  for  simplicity  one  considers  trees  to  represent  a  smooth  homogeneous 


interface  to  a  monocycle  pulse,  the  reflected  power  is 


P  -  P  {  </2^T)/(/2^I)  }2  -  10kW(  .03)  -  3kW  (B3) 

at  t 

where  e  -  2  and  o  and  •  4.4xl0~l*  mhos/meter  and  97«  of  the  power  enters 
r 

the  trees. 

When  the  conductivity  of  the  materials  is  considered  the  characteristic 
impedance  is  a  complex  number  defined  as 

g  *  {  j(i)U/(o+juc) }  (B4) 

For  dry  earth  it  can  be  shown  that 

T-  -  1.42X102  /,735*  (B5) 

The  angle  associates  with  the  impedance  is  a  characteristic  of  the  dissipative 
medium.  It  signifies  the  power  in  the  medium  has  a  real  and  imaginary  part. 

In  general  the  Poynting  vector  is  therefore  not  in  the  same  direction  as 
the  complex  propagation  constant. 

To  determine  the  ability  of  a  monocycle  pulse  to  detect  water  under 
glacial  ice,  the  following  model  is  used.  The  monocycle  sadar  is  assumed 
1  meter  above  3.7  kilometers  (12  ft)  of  glacial  ice.  The  relative  dielectric 
constant  of  the  glacial  ice  is  3.2.  Its  conductivity  is  2x1 0"7  mhos/meter. 

The  glacial  ice  is  on  a  semi-infinite  layer  of  water  with  the  constitutive 
parameters  of  c  •  80  and  o  »  .001  nhos/meter.  Table  BI  presents  the  data 
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TABLE  BI 


Ratio  of  received  power  to  transmitted  power,  Pr/Pt  (dB) ,  for  various 
frequencies  f (MHz)  for  3.7  km  of  glacial  ice  over  fresh  water. 


f  (MHz) 

Pr/Pt  (dB) 

25 

•29.45 

50 

-35.47 

100 

-41.49 

200 

-47.51 

300 

-51.03 

400 

-53.53 

500 

-55.47 

where  the  constitutive  parameters  arei 

a.  glacial  ice,  •  3.2  and  a  • 

2xl0~7  mhos/meter 

b.  fresh  water,  efw  •  80  and  o ^ 

-  .001  mhos /meter 
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for  spectral  components  of  a  monocycle  pulse.  Xt  is  assumed  that  the 
spectral  content  of  the  monocycle  pulse  is  between  25  and  500  MHz.  The 
results  shows  that  it  is  possible  to  detect  water  under  3.7  kilometers  of 
glacial  ice. 


APPENDIX  C 


APPROXIMATING  THE  CHARACTERISTIC  IMPEDANCE  OP  THE  PRESH  WATER  LAYER 

In  Section  3  the  effect  of  losses  in  the  fresh  water  layer  on  the 
characteristic  impedance  are  neglected.  They  are  accounted  for  as  a  loss 
in  energy  due  to  attenuation.  It  is  the  purpose  of  this  appendix  to  show 
that  the  assumption  is  valid  for  the  conductivities  and  frequencies  used. 

In  particular  Table  III  presents  oneway  attenuation  for  conductivities  rang¬ 
ing  frgra  .001  to  .1  mhos/meter  and  frequencies  ranging  from  25  to  500  MHz. 

The  basic  equation  that  must  be  satisfied  is 

we>>a  (Cl) 

This  is  another  way  of  stating  the  displacement  current  is  much  larger  than 
the  conduction  current.  The  worst  case  occurs  when  a  ■  .1  mhos/meter  and 
f  ■  25  MHz.  For  these  values  equation  (Cl)  becones 

(2ir)  25xl06 x  8.854xlo"12  >>.l 

and  .0014  is  not  much  greater  than  .1. 

Therefore,  equation  (Dl)  is  not  satisfied 

The  characteristic  impedance  for  the  fresh  water  layer  in  Section  3 
is  assumed  to  be 
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n  i  /m  /e’ 

2  of  w 


where 


£  *  ■  e  e  Farad/meta r 

fw  fw  o 


Substituting  equation  (C3)  into  (C2)  wa  have 


n  ■  /p  e  e 
2  o  fw  o 


e  -  80 

f  w 

e  -  8.854x10  12  Farad/raeter 

o 

u  -  4»xl0-7  Henry /meter 

o 


So  that 


n2  -  4*x10"7/80x8. 854x10" 12  -  42.12  Ohms  (C5) 


Recalculating  n  without  making  any  approximations  results  in  the  following 
2 


value  for  n  : 

2 


n  ■  { juw  /(a  ♦jwe  ) }' 
2  o  fw  fw 
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where 


t 


u»  -  2*f  -  2  X25  MHz 


V  •  4irxlO"7  Henry /meter 


a  «■  .1  mhos/meter 

fw 

c  -  90x8.54x10”  Farad/meter 

"w 


So  that 


-  (1.322xl03/42.3)l/2  -  36.36/21.15*  Ohms  (C7) 


difference  between  the  magnitude  of  n  “  36.36  Ohas  and  n  M.  47.,  12  Ohms 

2  2 

is  5.76  Ohms.  The  error,  not  including  power  lost  due  to  the  imaginary 
component,  is  approximately  16%,  roughly  8  dB. 


When  .01  mhos/meter  is  used  to  determine  what  the  error  in  the  next 


to  the  last  column  of  Table  III  is  we  findt 


n  -  42.3/2.6*  (C8) 

2 


and  the  error  is  negligible. 


( 
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APPENDIX  D 


INCREASE  IN  ANTENNA  GAIN  BY  FEEDING  A  PARABOLIC  DISH  WITH  A  TEN  ANTENNA 

The  TEM  antenna  40  shown  in  Figure  16  can  be  used  to  feed  a  parabolic 
dish  increasing  its  present  gain  from  6  dB  4  1  to  approximately  25  dB.  The 
approach  is  not  meant  to  be  rigorous  but  rather  give  the  reader  a  qualitative 
idea  of  how  the  gain  of  an  antenna  that  radiates  a  .5  ns  pulse  (approximately) 
can  be  increased.  The  dimensions  of  the  antenna  in  Figure  16  is  4  indies 
x  4  inches.  Its  gain  is  calculated  to  be  6  dB  42  using  the  following 
single  frequency  formula i 

G  -  27000/40  (Dl) 


where 

0  »  40*  at  the  3  dB  point 

and  4  -  180*  approximately 

The  assumption  that  4  “  180*  is  made  because  the  TEM  antenna  described40 
has  no  side  walls  (See  Figure  16).  The  factor  27,000  assumes  an  efficiency 
of  approximating  65%.  Substituting  the  values  for  0  and  4  into  Dl  yields 

G  »  27,000/40x180  -  3.75  *  6  dB  (D2) 

The  effective  wavelength  that  results  in  this  gain  for  an  aperture  of  16 
inches  squared  is 
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G  -  4wA/  X2  -  4*xl6/X2  -  3.75 


(D3) 


and 

X  m  .18  meters 
or  f  -  1.6xl09  Hs 

For  a  parabolic  dish  with  a  circular  aperture  whose  diameter  is  3  meters 
and  assuming  a  70*  illixaination  efficiency, 

G  i  . 7*4*A/X2  -  . 7x4wx7/ ( . 18) 2  -  32  dB  (D4) 

This  result  is  not  rigorous  and  is  only  presented  to  show  that  it  may  be 
possible  to  substantially  increase  the  directivity  of  snort  pulse  monocycle 
antennas  by  using  methods  similar  to  those  used  for  single  frequency  antennas. 
The  concept  remains  to  be  proven. 
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